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ABSTRACT 


This  report  describes  the  work  conducted  on  a  program  designed  to  investigate  the 
potential  applicability  of  a  combined  Fracture  Mechanics-Nondestructive  Inspection 
procedure  as  a  design  approach  for  aircraft  structures.  The  program  consisted  of  three 
phases,  conducted  simultaneously:  (1)  a  literature  survey  to  determine  if  sufficient  frac¬ 
ture  toughness  information  exists  to  determine  a  statistically  valid  value  of  K|c;  (2)  a  test 
program  to  determine  the  minimum  size  of  a  crack,  that  can  be  detected  by  each  of  four 
NDT  methods:  X-ray,  magnetic-particle,  penetrant,  and  ultrasonics;  and  (3)  a  test 
program  to  determine  if  fracture  mechanics,  when  combined  with  flaw  size  as  determined 
by  NDT,  can  accurately  predict  the  failure  load  of  selected  structures. 

The  results  show  that  the  sensitivity  of  the  present  NDT  techniques  needs  improvement, 
particularly  for  small  surface  cracks.  All  NDT  methods  showed  high  accuracies  in  crack 
location,  but  not  crack  length.  Ultrasonics  and  magnetic  particle  inspection  appeared  to 
be  superior  to  penetrant  and  X-ray  inspection . 

The  available  test  information  on  K|c  for  most  materials  is  at  best  marginal  for  use  in  the 
design  of  critical  components.  The  scatter  in  K|c  is  large  and  the  90%  lower  bound 
confidence  values  of  K|c  based  on  the  standard  deviation  are  so  low  as  to  render  the 
design  impractical . 

The  fracture  mechanics-nondestructive  testing  failure  load  predictions  generally  agree 
with  the  actual  failure  loads  to  within  10%.  Except  for  the  small  crack  lengths  the 
FM/NDT  failure  predictions  were  better  than  those  predictions  made  using  standard  design. 

Failure  load  predictions  for  test  cylinders  containing  both  one  inch  diameter  bored  hole 
and  a  small  crack  near  the  hole  are  in  excellent  agreement  with  the  actual  failure  load. 
The  average  error  was  9.7%  for  the  7075-T651 1  Aluminum  specimens  and  5.2%  for  the 
4330V  Modified  Steel. 
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FOREWORD 


This  Summary  Technical  Report  (Lockheed-Georgia  Company  Number  ER— 91 06-4) 
was  prepared  by  the  Lockheed-Georgia  Company  under  Contract  AF  F336I5-67-C-II80. 

This  contract  was  initiated  underProject  7381  "Materials  Applications, 11  Task  738102, 
"Materials  and  Process  Evaluation  The  work  was  performed  under  the.  direction  of 
the  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio,  with 
Mr.  George  Young  as  Project  Engineer.  This  report  summarizes  the  work  on  the  contract 
from  I  January  1967  to  31  December  1967. Three  Quarterly  Progress  Reports  were  published 
during  this  period. 

The  program  was  conducted  in  the  Materials  Sciences  Laboratory  of  the  Lockheed- 
Georgia  Company  under  the  surveillance  of  Dr.  J.  F.  Sutton,  Director  of  Research,  and 
Dr,  E.  E.  Underwood,  Associate  Director  of  Research,  Materials  Sciences,  with  Dr.  P. 

F.  Packman  serving  as  the  Program  Manager.  H.  S.  Pearson,  J.  S.  Owens,  G.  B. 
Marchese,  and  W.  M.  Pless  were  principal  investigators. 

The  authors  wish  to  thank  many  of  their  associates  for  their  assistance  and  cooperation 
in  the  experimental  portion  of  the  program.  These  include  W.  H.  Dey,  W.  E.  Lanier, 

D.  Anderson,  J.  Lowery,  D.  L.  White,  and  P.  J.  Hughes  for  their  work  in  failure  testing 
and  NDT  inspection;  and  C.  M.  Bradley,  K.  D.  Fike,  A.  D.  Friday,  and  J.  V.  Lewis  for 
their  assistance  in  analysis,  metallography,  and  electron  microscopy.  Special  thanks  are 
extended  to  R,  M.  Bell,  C.  Tankersley,  and  L.  D.  Naugher,  Jr.,  for  their  valuable 
contributions.  The  guidance  and  continued  interest  of  Capt.  N.  G.  Tupper,  USAF, 

Mr.  Ed  McKelvey,  and  Mr.  G.  Yoder,  AFML,  are  gratefully  acknowledged. 

This  report  was  submitted  by  the  authors  in  January  1968 

This  Technical  Report  has  been  reviewed  and  is  approved. 


Albert  Olevitch 

Chief,  Materials  Engineering  Branch 
Materials  Applications  Division 
AF  Materials  Laboratory 
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SECTION  I 


INTRODUCTION 


A  statistical  dependence  is  implied  in  the  design  concept  of  a  structural  component  for  an 
aerospace  vehicle  using  standard  mechanical  properties  such  as  ultimate  tensile  stress  and 
tensile  yield  stress.  It  is  assumed  by  the  designer  that  the  material  of  which  the  component 
is  to  be  made  will  have  mechanical  properties  that  conform  to  the  design  values.  These 
design  values  are  usually  obtained  from  handbooks  or  from  selected  tests  conducted  on  a 
similar  material . 

Design  specifications  generally  recognize  the  statistical  nature  of  the  material  properties  in 
an  indirect  way.  These  procedures  have  been  satisfactory  for  past  performance,  and  they 
may  be  satisfactory  for  future  design  procedures.  However,  the  development  of  advanced 
aerospace  systems  such  as  high-supersonic  and  hypersonic  atmospheric  vehicles,  together 
with  the  need  for  long  extraterrestrial  flights  and  the  greater  use  of  ultra-high-strength 
materials  on  conventional  aircraft,  have  increased  the  need  for  greater  structural  efficiency. 
The  problem  for  the  designer  is  made  more  complex  by  the  use  of  new  materials,  the  in¬ 
creased  uncertainty  of  operational  loads,  and  the  introduction  of  unknown  environments. 

Thus,  it  is  evident  that  there  is  a  need  for  the  development  of  a  different  conceptual  design 
method.  This  method  should  be  aimed  at  future  material  requirements  such  as  extremely 
high  strength  and  elevated  temperature  durability  with  both  static  and  dynamic  loading  con¬ 
ditions.  The  new  analysis  should  establish  reliable  design  techniques  that  will  result  in  a 
component  of  the  least  possible  weight  with  a  satisfactory  probability  of  survival  under  the 
operating  conditions.  The  tradeoff  in  weight  as  opposed  to  the  probability  of  survival 
should  be  calculable,  and  the  economics  involved  in  maintaining  the  degree  of  structural 
integrity  should  be  known. 

A  design  philosophy  for  high-strength  materials  that  uses  the  theory  of  linear  elastic  fracture 
mechanics  is  a  most  promising  replacement  for  the  present  design  philosophy.  Researchers 
in  the  field  of  fracture  mechanics  have  developed  an  extensive  background  and  experience 
in  determining  when  a  material  containing  a  small  defect  under  an  external  load  will  fail.. 
This  fracture  concept,  when  coupled  with  a  nondestructive  inspection  technique  to  determine 
accurately  the  size  of  the  flaw  in  the  part,  appears  to  have  some  validity  as  a  design  cri¬ 
terion  . 

This  report  summarizes  the  efforts  directed  towards  establishing  a  procedure  for  the  use  of  a 
fracture  mechanics-nondestructive  testing  (FM/NDT)  criterion  in  the  design  of  aerospace 
structural  components. 

Basic  Aspects  of  Structural  Reliability 


In  its  simplest  form,  structural 're liability  is  used  to  determine  whether  or  not  a  material 
under  load  will  fail  (1) .  This  implies  that  there  is  an  exact  definition  of  failure.  In  actual 
components,  the  concept  of  failure  is  quite  complex  and  may  not  be  applicable  to  all  com¬ 
ponents.  For  the  purposes  of  this  preliminary  analysis  failure  is  defined  to  be  The  total 
loss  in  load-carrying  ability  of  the  part  when  subjected  to  a  monotonically  increasing  tensile 
load."  Thus,  structural  reliability  can  be  quantitatively  defined  as  the  probability  of  sur¬ 
vival  of  a  part  under  a  given  load.  The  survival  concept  implies  that  the  material  will 
withstand  the  load,  while  the  failure  approach  states  that  the  material  will  exhibit  a  catas¬ 
trophic  failure.  The  probability  of  survival  is  determined  by  a  relationship  between  the 
applied  load  and  the  particular  strength  of  the  component. 
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In  the  strict  sense,  both  load  and  strength  are  probabilistic  in  nature  and  can  vary  contin¬ 
uously  throughout  the  lifetime  of  the  structure.  The  design  philosophy  should  then  take  into 
account  not  only  the  applied  load  spectrum  but  also  the  environment  and  structural  changes 
that  occur  during  the  planned  lifetime  of  the  structure. 

The  present  design  methodology  uses  material  specifications  that  are  statistical  in  a  limited 
sense.  The  philosophy  used  in  material  property  specifications  is  outlined  briefly  in  the 
following  paragraphs. 

Consider  a  simple  test  specimen  pulled  in  tension  until  failure.  The  ultimate  tensile  strength 
is  measured.  This  process  is  repeated  on  a  large  number  of  similar  specimens  made  from 

different  heats  of  material.  Each  value  of  is  recorded,  and  a  plot  of  the  number  of 

specimens  that  fail  at  a  stress  interval  is  plotted  as  shown  in  Figure  la.  If  this 

process  is  repeated  for  a  large  number  of  specimens,  the  value  of  may  be  made  as 

small  as  possible  and  a  continuous  curve  drawn  as  shown  in  Figure  1b.  The  mean  value  of 
cr^  can  be  determined  and  the  results  plotted  in  terms  of  a  probability  density  function 

versus  the  percent  mean  value  of  the  ultimate  tensile  strength  (see  Figure  2) .  This  defines 
the  probability  of  the  strength  of  the  material  lying  between  two  values  of  a  ^  ...  a 

function  of  a.  . 

tu 

Because  the  scatter  in  the  strength  of  the  material  is  well  known  or  can  be  determined  from 
a  series  of  tests,  the  average  or  mean  value  of  can  be  known  v/ith  a  high  degree  of 

confidence.  The  average  is  not  used  in  design  practice,  however.  The  design  strength 

is  that  value  of  the  a ^  which  "most"  of  the  material  will  exceed.  In  Military  Handbook 

5,  for  example,  aluminum  alloy  strengths  are  given  as  either  "A"  or  "B"  values.  The  values 
of  the  strength  given  in  the  "A"  column  are  those  values  which  the  material  producer  has 
indicated  to  be  the  minimum  expected  fora  given  material.  That  is,  at  least  99%  of  the 
material  will  meet  or  exceed  this  value  of  a^A). 

Values  appearing  in  the  "B"  column  are  strength  properties  which  the  producer  has  indicated 
will  be  met  or  exceeded  by  90%  of  the  material  supplied  by  them.  Both  the  "A"  and  "B" 
strength  values  are  given  at  a  95%  confidence  level.  (The  confidence  level  refers  to  the 
probability  of  reaching  a  correct  inference,  i.e.,  being  correct  in  95  out  of  100  trials.) 

The  two  levels,  a^y(A1  and  ©^(B)  are  shown  in  Figure  3.  For  the  material  tested  to 
failure,  1%  of  the  specimens  would  fail  at  afu(A)  or  less,  and  99%  of  the  material  would 
survive  to  fail  at  values  higher  than  a ty(A) .  For  the  "B"  level,  10%  of  the  specimens 
would  fail  at  ^^(B)  or  less,  and  90%  would  survive.  It  is  obvious  that  the  "B"  value  is 
larger  than  the  "A"  value. 

The  material  allowables  a ^  (A)  and  <r^(B)  do  not  guarantee  the  satisfactory  performance 

of  the  structure,  if  the  allowable  ultimate  load  were  calculated  usina  the  "A"  value,  the 

probability  of  the  staicture  failing  at  this  load  would  be  10  .  However,  if  the  maximum 

working  load  were  such  that  the  working  stresses  are  less  than  t(J(A),  the  structure  would  have 
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corresponding  decrease  in  probability  of  failure.  The  working  stress  ( <rw)  can  be  defined 
with  a  factor  of  safety  (FS)  such  that: 

FS  aw  =  Gr^(mean)  0) 


A  working  stress  with  FS  =  i  .5  is  shown  on  a  probability  density  plot  in  Figure  4.  The  in- 

_2  *”50 

troduction  of  a  1.5  factor  of  safety  decreases  the  probability  of  failure  from  10  to  10  , 

and  hence,  the  structure  has  a  high  level  cf  reliability. 

To  ensure  the  high  reliability  of  the  structural  component,  particularly  when  the  component 
is  to  be  loaded  to  high  stresses,  an  additional  factor  is  used.  The  mean  ultimate  strength  is 
divided  by  a  factor  "k"  greater  than  1 .0,  which  is  determined  by  considering  the  uncertain¬ 
ties  involved  in  the  material,  the  processing  uncertainties,  and  the  unknowns  involved  due 
to  fluctuating  loads  The  resulting  11  reduced  tensile  ultimate"  is  then  assumed  to  have  a  dis¬ 
tribution  function  for  the  strength  identical  to  that  for  the  actual  tensile  ultimate.  The 
a  (A)  is  then  obtained  for  the  reduced  tensile  ultimate  and  the  working  stress  defined  by 
cn  equation  similar  to  Equation  (1)  with  a  ^(mean)  replaced  by  a  ^  (reduced  mean). 

Two  assumptions  have  been  made  in  this  simple  analysis:  the  scatter  in  strength  values  is  not 
large,  and  the  strength  properties  of  the  actual  component  conform  to  the  statistical  strength 
properties  of  the  material. 

The  scatter  in  strength  values  about  the  mean  strength  is  given  by  the  coefficient  of  varia¬ 
tion  (  yl .  This  is  a  measure  of  the  standard  deviation  as  a  fraction  of  the  mean,  where  the 
standard  deviation  is  the  square  root  of  the  arithmetic  mean  of  the  square  of  the  deviations 
from  the  mean.  A  large  Y  indicates  that  the  curve  tends  to  spread  out  about  the  mean. 

(This  is  shown  in  Figure  5a.)  If  the  coefficient  of  variation  in  Figure  4  were  0.025,  the 
probability  of  failure  at  the  working  stress  =  O  ^  (reduced  mean)/l  .5  would  be  10“50. 

If,  however,  the  coefficient  of  variation  were  increased  to  0.25  as  shown  in  Figure  5a, 
the  probability  of  failure  at  the  same  working  stress  =  cr^  (reduced  mean)/l.5 

would  now  be  about  10  This  is  several  orders  of  magnitude  higher  and  would  occur 
at  the  same  working  stress  as  in  Figure  4,  even  though  the  reduced  mean  strength  a 
(reduced  mean)  were  the  same.  'u 

If  the  working  stress  were  calculated  using  the  ff^A)  value  rather  than  the  reduced  mean, 

the  situation  depicted  in  Figure  5b  would  then  occur.  Here,  the  mean  strength  is  the  same, 
but  the  coefficient  of  variation  is  0.025  for  the  first  curve  and  0.25  for  the  second.  The 
value  of  (^(A)  for  the  first  curve  is  much  higher  than  the  valut  of  o^A)'  for  the  second 

curve.  Thus,  to  obtain  the  same  probability  of  failure,  the  working  stresses  would  have  to 
be  much  lower  for  the  material  with  a  larger  coefficient  of  variation. 


If  the  strength  properties  of  the  component  did  not  conform  to  those  used  in  obtaining  the 
atu(A)  value,  there  would  be  no  method  of  knowing  the  mean  a  j.  of  the  material  used  in 

the  component.  To  determine  this  a a  series  of  tensile  coupons  would  have  to  be  made 

from  the  component.  If  these  values  did  not  agree  with  the  original  distribution  function, 
the  probability  of  failure  could  be  Afferent  than  that  assumed.  For  example,  in  Figure  6, 
the  distribution  function  for  the  material  would  indicate  that  the  probability  of  failure  was 
-50 

10  .  The  distribution  function  for  test  coupons  taken  from  the  actual  component  show 

-5 

that  the  actual  probability  of  failure  is  only  10  . 
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URE  6  -  EFFECT  OF  NONCONFORMITY  OF  COMPONENT  PROPERTIE' 
ON  PROBABILITY  OF  FAILURE 
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The  effect  of  the  second  assumption  on  the  strength  of  the  component  is  normally  minimized 
by  giving  different  values  of  a^A)  for  sheet,  plate,  and  forging,  and  specifying  the  thick¬ 
ness  range  over  which  the  o  ^(A)  is  to  be  applied. 


There  is,  however,  another  factor  that  must  be  considered  in  using  the  strength  values. 
This  is  the  assumption  that  all  of  the  materials  used  in  the  manufacture  of  the  com-, 
ponent  do  not  contain  defects.  It  is  known  that  any  actual  manufacturing  process  intro¬ 
duces  some  form  of  defect  into  the  material.  This  defect  may  be  m  the  form  of  de lami¬ 
nations  produced  by  forging,  lack-of-fusion  cracks  in  the  welding  process,  or  small 
scratches  that  occur  during  final  machining  and  subsequent  machining.  Each  of  these 
defects  may  have  a  detrimental  effect  on  the  final  load-carrying  capacity  ot  the 
component. 


The  effect  of  small  defects  on  the  strength  of  a  material  is  the  basis  for  the  formulation  of 
the  present  theories  of  linear  elastic  fracture  mechanics.  Thus,  it  is  reasonable  to  examine 
the  potential  of  using  linear  elastic  fracture  mechanics  as  a  basis  for  formulating  a  design 
criterion. 

Fracture  Mechanics  Design  Concept 


Although  it  is  assumed  that  the  concepts  of  linear  elastic  fracture  mechanics  are  understood 
by  the  reader,  many  excellent  references  are  available  for  a  brief  review  of  fracture  me¬ 
chanics  and  background  in  this  field  (2,3,4 ,5). 


Fracture  mechanics  postulates  that  there  exists  a  small  flaw  in  the  material  under  investiga¬ 
tion.  The  relationship  between  the  failure  stress  ( <*f  )  of  the  part  and  the  flaw  size  (2c)  is 
given  as 


<T^  =  Constant 


K.c  C 


-1/2 


(2) 


where  K.  is  the  plane  strain  stress  intensity  factor  and  2c  is  the  crack  length .  The  value 
of  K,  C  of  the  particular  material  is  also  assumed  to  have  a  probabilistic  nature.  Hence, 
curves  such  as  those  in  Figures  1,  2,  and  3  can  be  constructed  for  K|(;.  A  schematic  sketch 

of  a  probable  distribution  of  K,c  is  shown  in  Figure  7.  As  was  outlined  previously,  a 

minimum  value  of  K,c  is  detemrined.  This  is  defined  as  Kjc(A),  and  99%  of  the  material 

would  be  expected  to  have  a  value  greater  than  Kjc(A) .  In  a  similar  manner,  a  "B"  value 

for  the  K,  can  also  be  established. 

Ic 


There  would  also  be  a  distribution  function  for  the  values  of  the  flaw  sizes.  This  is  plausable, 
since  given  a  material  with  a  particular  processing  history,  a  normal  distribution  of  flaw 
sizes  typical  of  the  processing  could  be  expected.  This  is  shown  schematically  in  Figure  8. 

In  contrast  to  the  choice  of  the  minimum  expected  value  of  K|c,  the  value  of  2c  that  is 

chosen  must  be  a  maximum  value.  This  is  because  of  the  inverse-square-root  relationship 
between  crack  size  and  strength.  Hence,  for  the  crack  length,  the  upper  bound  99%  con¬ 
fidence  limit  of  2c  would  be  used.  Here,  99%  of  the  material  would  be  expected  to  have 
a  crack  size  smaller  than  this  value.  The  location  of  c(A)  is  shown  in  Figure  8. 
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FIGURE  7  -  DISTRIBUTION  FUNCTION  FOR  K 
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MEAN  2c  2c  (A) 

FLAW  SIZE,  2c(inches) 


FIGURE  8  -  ASSUMED  DISTRIBUTION  OF  FLAW  SIZE 
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A  combination  of  the  K,  distribution  and  the  2c  distribution  would  result  in  a  distribution 

Ic 

function  for  the  fracture  stress.  This  is  shown  in  Figure  9.  In  a  manner  similar  to  Equation 
1,  a  working  stress  aw  can  now  be  defined  as  FS  o^=  o ^ 


The  potential  of  a  fracture  mechanics-nondestructive  testing  design  analysis  is  shown  in 
Figure  10. The  working  stress  a  has  been  calculated  using  the  reduced  ultimate  stress.  The 

probability  of  failure  at  this  working  stress  is  10  .  However,  if  the  distribution  function 

for  the  actual  fracture  stresses  were  used  the  probability  of  failure  at  the  same  working  stress 


a  would  be  10  Thus,  depending  on  the  magnitude  of  the  reduction  of  the  tensile  ulti¬ 

mate,  an  increase  in  the  reliability  of  the  structure  can  be  obtained  using  the  true  fracture 
stress  distribution.  By  using  the  true  fracture  stress  rather  than  the  reduced  ultimate  stress 

as  a  design  philosophy,  the  working  stress  can  be  increased  to  o  ',  where  the  probability 

w 

of  failure  is  now  10  .  Thus,  if  the  confidence  in  the  two  design  philosophies  were  equal, 

the  actual  working  stress  in  the  component  could  be  increased  with  no  loss  in  safety. 


The  validity  of  the  fracture  mechanics  design  procedure  depends  on  the  ability  to 
determine  the  flaw  distribution  function  "2c" .  Since  the  a  prior?  assumption  is  that  the 
material  contains  flaws,  some  reliable  method  must  be  used  to  detect  these  flaws  in  the 
component  prior  to  failure.  The  use  of  nondestructive  testing  to  detect  flaws  in  materials 
is  well  known  (6,7,8,9,10).  In  the  curve  shown  in  Figure  8,  most  of  the  flaw  sizes  may 
be  below  the  limit  of  detectability  of  the  NOT  procedure.  Thus,  it  is  mandatory  to  know 
the  reliability  of  the  NOT  method  for  each  flaw  size.  For  example,  if  the  minimum  size 
of  flaw  that  could  be  detected  by  the  NDT  procedure  were  greater  than  the  upper  bound 
99%  confidence  limit  for  the  crack  size  2c(A)  chosen  for  the  particular  design,  there 
would  be  no  way  of  determining  if  the  actual  component  contained  flaws  of  this  magnitude. 
Upon  loading  of  the  component,  these  flaws  could  grow  and  cause  catastrophic  failure. 

An  ideal  situation  is  shown  in  Figure  11,  where  the  minimum  detectable  flaw  size  by  the 
NDT  technique  is  well  below  the  mean  flaw  size  of  the  material . 

Two  assumptions  used  in  the  analysis  should  be  discussed.  First,  it  is  assumed  that  there  are 
sufficient  data  available  to  obtain  a  satisfactory  distribution  function  for  the  K|c  values 

shown  schematically  in  Figure  7.  It  is  assumed  further  that  this  function  has  a  small  coef¬ 
ficient  of  variation  so  that  a  99%  probability  limit  for  K|C(A)  can  be  determined  that  is  not 

too  different  from  the  mean  K|c.  If  this  were  not  true,  the  difficulties  outlined  in  Figures  4 

and  5  would  reduce  the  reliability  to  unsatisfactory  levels.  Second,  it  is  assumed  that  the 
fracture  mechanics  formulation  can  account  for  the  complexity  of  the  actual  component. 
This  would  determine  a  magnitude  for  the  constant  in  Equation  (2),  relating  the  flaw  size 
2c,  the  critical  stress  intensity  factor,  K|c,  and  the  actual  component  failure  stress. 


Program  Objectives 


Figure  12  shows  the  general  plan  followed  by  the  two  design  methods.  The  standard  design 

'  a,  is  shown  at  the  left,  the  FM/NDT  pro¬ 


procedure  using  handbook  data  such  as  a  and 


cedure  on  the  right.  The  objective  in  both  analyses  is  to  predict  the  true  fracture  stress  of 
a  component.  In  both  analyses  the  stress  analysis  of  the  component  based  on  loading  con¬ 
ditions  and  component  configuration  must  be  determined.  However,  in  contrast  to  the 
standard  procedures,  additional  data  must  be  available  to  use  the  FM/NDT  procedure. 


PROBABILITY  DENSITY  FUNCTION  -n  PROBABILITY  DENSITY  FUNCTION 


PROBABILITY  DENSITY  FUNCTION 


FLAW  SIZE  (INCHES) 


FIGURE  11  -  LOCATION  OF2c(AJAND  LOWER  LIMIT  OF  NDT  DETECTABILITY 
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FIGURE  12  -  CALCULATION  OF  LIMITING  STRESS  BY  STANDARD  DESIGN 
PROCEDURES  (LEFT)  AND  BY  FRACTURE  MECHANIC^NDT  PROCESS  (RIGHT) 
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These  include  the  K|c  and  the  flaw  size.  The  general  plan  for  the  determination  of  these 
parameters  is  shown  in  Figure  13  and  14. 

The  general  objective  of  the  research  program  reported  here  is  to  provide  a  basis  for  which 
the  validity  of  the  combined  FM/NDT  design  procedure  can  be  determined.  Thus,  there 
are  several  short-range  objectives: 

o  To  determine  the  minimum  flaw  sizes  that  can  be  detected  reliably  by  standard  NDT 
procedures,  the  sensitivity  of  the  NDT  procedure,  the  accuracy  of  the  resulting  flaw 
size  prediction,  and  the  accuracy  of  the  flaw  size  location.  Four  NDT  techniques 
have  been  chosen:  X-ray,  penetrant,  magnetic  particle,  and  ultrasonics. 

o  To  determine  a  distribution  function  for  K,  for  the  selected  materials:  7075-T651 1 

I  c 

and  4330V  Modified  steel .  These  materials  correspond  to  the  materials  used  in  actual 
C-5A  components. 

o  To  determine  the  accuracy  of  a  combined  FM/NDT  design  analysis  in  predicting  the 
failure  load  of  a  simple  structure,  and  rhe  failure  load  of  several  selected  C-5A 
components . 

This  report  summarizes  the  experimental  program  and  the  results,  conclusions,  and  recom¬ 
mendations  obtained. 

The  remainder  of  the  report  is  divided  as  follows: 

Section  II  -  Materials  and  Specimen  Preparation 

The  materials  used  in  the  program  and  the  sequence  used  in  obtaining  fatigue  cracks  in  the 
simple  test  cylinders  are  presented. 

Section  III  -  Nondestructive  Testing 

The  available  literature  is  examined  to  determine  what  the  piedicted  accuracies  and 
sensitivities  of  the  four  chosen  NDT  methods  would  bu.  The  methods  and  procedures  used 
in  nondestroctive  examination  of  the  test  cylinders  are  outlined.  Finally,  the  results  of 
the  ^destructive  tests  on  the  precracked  test  cylinders  are  presented. 

Section  IV  -  Test  Program 

The  testing  procedures  used  for  the  test  cylinders  and  techniques  used  in  testing  the  round 
precracked  fracture  toughness  specimens  are  presented. 

Section  V  -  Fracture  Analysis 

The  results  contained  in  Sections  III  and  IV  are  combined  to  predict  the  fracture  stress  of 
the  test  cylinders.  The  accuracy  and  reliability  of  the  proposed  FM/NDT  method  are  dis¬ 
cussed. 

Section  VI  -  Applications 

The  application  of  an  FM/NDT  design  is  evaluated.  The  predictions  of  failure  load  using 
the  FM/NDT  procedure  are  compared  to  the  actual  test  results  on  the  C-5A  components. 
Finally,  several  applications  of  the  method  to  fatigue  environmental  loading  are  discussed. 

Section  VII  -  Summary 


a  AW  GEOMETRY 
(NDT  DATA) 


FIGURE  13  -  DETERMINATION  OF  FLAW  MORPHOLOGY  BY  NDT 


FIGURE  14  -  CALCULATIONS  FOR  FRACTURE  TOUGHNESS  PARAMETERS 
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SECTION  II 


MATERIALS  AND  SPECIMEN  PREPARATION 
Materials 


The  materials  used  in  this  investigation  were  4330V  Modified  steel  and  7075-T651 1  Alumi¬ 
num.  A  billet  of  4330V  Modified  steel  was  purchased  and  machined  into  round,  circum¬ 
ferentially  notched  and  fatlgue-precracked  fracture  toughness  specimens.  These  were  used 

to  determine  K.  for  the  4330V  Modified  steel.  The  chemical  analysis  of  the  steel  is  given 
lc 

in  Table  1.  Typical  photomicrographs  of  the  4330V  Modified  structure  are  shown  in  Figures 
15  and  16.  The  structure  exhibits  some  selective  banding  in  the  longitudinal  direction.  The 
alloy  phases  consist  of  primary  alpha  iron  (white)  with  partially  spherodized  pearlite  (dark 
gray)  and  extremely  fine-grain  pearlite  (light  gray).  Several  complex  sulfide  inclusions 
v/ere  found,  the  average  diameter  of  the  inclusions  was  about  0.005  inch. 

Photographs  of  the  microstructure  of  the  7075-T651 1  alloy  are  shown  in  Figures  17  and  18. 
The  structure  is  typical  of  extruded  precipitation-hardened  aluminum  alloys.  It  consists  of 
elongated  grains  of  alpha  aluminum  with  precipitated  inclusions  in  the  grain  boundaries. 

The  longitudinal  section  (Figure  18)  shows  the  extreme  elongation  of  the  grains  with  gray 
A^Zn  and  possible  A^CuMg  precipitates.  The  precipitated  phases  Al^^^Cu  andMgZnj 

assumed  to  be  responsible  for  the  high  strength  of  the  aluminum  alloys  cannot  be  resolved  in 
the  optical  microscope. 

Seamless  4330V  Modified  steel  cold-drawn  tubing  with  composition  following  AMS  6427 
and  extruded  7075-T6511  Aluminum  tubing  were  used  for  the  test  cylinders. 

TABLE  I 

CHEMICAL  ANALYSIS  OF  4330V  MODIFIED  STEEL  FOR  DETERMINATION  OF  K|c 


Element 

Percent 

Carbon 

0.306 

Molybdenum 

0.35 

Nickel 

1.79 

Manganese 

Chromium 

0.83 

0.87 

Silicon 

0.34 

Vanadium 

0.08 

Iron 

Balance 

Specimen  Preparation 


General 

The  7075-T651 1  Aluminum  and  4330V  Modified  steel  test  cylinders  are  three  inches  in  dia¬ 
meter,  1/4  inch  thick,  and  32  inches  long.  They  were  precracked  in  fatigue  to  produce  a 
small  surface  "thumbnail"  crack.  The  steel  specimens  were  then  heat-treated  to  the  desired 
strength  level.  Both  the  aluminum  and  steel  specimens  were  inspected  by  NDT  to  determine 


FIGURE  15  4330V  MODIFIED  STEEL.  MAGNIFICATION  100X 
LONGITUDINAL  SECTION 


FIGURE  16  4330V  MODIFIED  STEEL.  MAGNIFICATION  100X. 
TRANSVERSE  SECTION 
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FIGURE  17  7075-T6511  ALUMINUM  EXTRUSION. 

TRANSVERSE  SECTION.  MAGNIFICATION 
250X. 


FIGURE  18  7075-T651 1  ALUMINUM  EXTRUSION. 
LONGITUDINAL  SECTION. 
MAGNIFICATION  250X. 


the  size  and  location  of  flaws,  then  tested  to  failure  in  a  uniaxial  tension  test.  The  failed 
surfaces  were  examined  to  determine  the  actual  sizes  of  the  flaws.  Figure  19  shows  the 
significant  steps  in  the  program. 

The  tubes  were  inspected  by  laboratory  facilities,  and  by  production  facilities  as  time  per¬ 
mitted,  prior  to  failure-testing. 

Techniques  and  Procedures 

Cracks  were  initiated  in  the  aluminum  and  steel  cylinders  by  fatigue-cycling  in  a  Riehle- 
Ametek  closed-loop  fatigue  machine  capable  of  fatigue  loads  ±50,000  pounds.  The  test 
cylinders  were  mounted  horizontally  in  a  bending  fixture  shown  schematically  in  Figure  20. 

The  baseplate  of  the  fixture  is  attached  to  the  hydraulic  cylinder  of  the  machine,  and  the 
pressure  block  is  attached  to  the  load  cell.  The  specimen  is  placed  on  bearing  blocks  at¬ 
tached  to  the  baseplate  with  Teflon  shims  used  to  protect  the  surface  of  the  specimen.  A 
mirror  system  mounted  under  the  specimen  was  used  in  conjunction  with  a  telephotometer 
to  view  the  surface  of  the  specimen.  Figure  21  depicts  the  fatigue  setup,  and  Figures  22, 
23,  and  24  show  details  of  the  jig. 

To  determine  the  stress  on  the  cylinders,  one  steel  and  one  aluminum  cylinder  (Figure  25) 
were  used  as  calibration  specimens.  Strain-gage  rosettes  were  installed  on  both  specimens 
as  shown  in  Figure  26.  Tne  calibration  specimens  were  loaded  statically,  and  calibration 
curves  obtained  by  varying  the  load  and  incrementally  recording  load  versus  strain.  Ap¬ 
plied  load  was  measured  on  both  the  Riehle-Ametek  percent-of-range  meter  and  a  Mosley 
X-Y  recorder  equipped  with  a  strain-gage  preamplification  system  calibrated  to  indicate 
load  from  the  SR-4  load  cell. 

The  aluminum  calibration  specimen  and  the  first  two  test  specimens  were  installed  in  the 
fixture  with  their  ends  fixed  by  the  upper  sections  of  the  bearing  blocks.  The  calibration 
was  performed,  and  one  specimen  was  precracked  successfully.  The  second  specimen, 
however,  developed  severe  cracks  originating  from  the  pinholes  at  both  ends.  Even  though 
this  specimen  did  develop  a  suitable  crack  in  the  center,  both  ends  had  to  be  removed.  To 
prevent  cracking  at  the  ends,  it  was  decided  to  simply  support  the  ends.  This  setup  was 
found  to  be  successful,  and  all  other  specimens  were  tested  in  this  manner,  i.e.,  with  the 
pin  and  upper  blocks  removed.  Calibration  curves  (Figures  27  and  28)  were  subsequently 
obtained  for  the  modified  test  setup  (simply  supported  ends)  using  aluminum  and  steel  cylin¬ 
der  calibration  specimens. 

To  determine  how  the  stress  varied  with  location  throughout  the  surface  under  the  pressure 
block,  a  series  of  calibrations  was  made.  The  simply  supported  cylinder  was  moved  along 
the  longitudinal  centerline,  effectively  relocating  the  strain  gage.  The  results  of  these 
calibrations  are  shown  in  Figures  29  and  30.  In  each  case,  the  relationship  between  stress 
and  applied  load  was  linear.  The  rosette  strain  data  were  analyzed,  and  the  stress  in  the 
axial  leg  was  found  to  be  the  maximum  tensile  principal  stress,  indicating  that  the  gage  was 
properly  oriented. 

Because  of  the  large  number  of  cylinders  to  be  prepared,  several  crack  initiation  procedures 
were  investigated.  Briefly,  these  are  as  follows: 

Method  1:  a.  Cycle  cylinder  10, 000  cycles. 

b.  Remove  and  polish. 

c.  If  no  crack  is  visible,  recycle  and  examine  continuously  until  crack  . 
is  observed. 
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_  4330V  MODIFIED  STEEL 

_ _  7075-T651 1  ALUMINUM 


(LAB)  Inspection  performed  in  Laboratory. 
(PROD)  Inspection  performed  by  Production. 


FIGURE  19  FLOWCHART  SHOWING  MILESTONES  IN  SPECIMEN  PREPARATION 
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FIGURE  20  SCHEMATIC  SKETCH  OF  LOADING  FIXTURE  FOR  FATIGUE  CRACKING 
OF  TEST  CYLINDERS 
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FIGURE  21  SCHEMATIC  SKETCH  OF  TEST  EQUIPMENT  USED  FOR 
FATIGUE  CRACKING  OF  TEST  CYLINDERS 


SIMPLY  SUPPORTED  ENDS 


0  2,000  4,000  6,000  8,000  10,000  12,000  14,000 

APPLIED  LOAD,  LBS. 

FIGURE  27  CALIBRATION  CURVE  MAXIMUM  STRESS  VS.  APPLIED  LOAD, 

SIMPLY  SUPPORTED  ENDS,  7075-T6511  ALUMINUM  SPECIMEN 
(3"  DIA.,  1/4"  WALL) 
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FIGURE  28  CALIBRATION  CURVE,  MAXIMUM  STRESS  VS.  APPLIED  LOAD, 
SIMPLY  SUPPORTED  ENDS,  4330V  MODIFIED  STEEL  SPECIMEN 
(3"  DIA.,  1/4"  WALL) 


LOCATION,  IN. 

FIGURE  30  DISTRIBUTION  OF  STRESS  VS.  STRAIN  GAGE  LOCATION. 

4330V  MODIFIED  STEEL  CALIBRATION  SPECIMEN  (3"  DIA.,  1/4"  WALL) 


Method  2:  a.  Cycle  cylinder  10,  000  cycles. 

b.  Remove  and  polish. 

c.  Recycle  for  a  predetermined  number  of  cycles. 

Method  3:  a.  Place  small  indentation  mark  on  tensile  face. 

b.  Cycle  and  examine  continuously  until  small  crack  is  observed. 

Method  4:  a.  Place  micro-weld  spot  in  tensile  surface. 

b.  Polish  surface  to  remove  evidence  of  weld  mark. 

c.  Cycle  with  continued  examination  until  small  crack  is  observed. 

The  following  loading  sequence  was  used  to  precrack  the  aluminum  cylinders: 

After  the  specimen  was  positioned,  the  mean  load  was  increased  until  a  load  of  6, 700 
pounds  corresponding  to  a  tensile  stress  of  28,  000  psi  was  reached.  The  amplitude  control 
was  increased  to  the  approximate  setting,  and  the  cyclic  control  was  turned  on.  Using 
both  means  of  load  measurement,  the  amplitude  control  was  varied  until  a  maximum  of 
1 1,  000  pounds  (46,  000  psi)  and  a  minimum  of  2,500  pounds  (10, 000  psi)  were  attained, 
the  cyclic  rate  was  2.5  cps. 

The  loading  sequence  for  the  steel  cylinders  followed  the  same  procedure  as  was  used  for 
the  aluminum.  The  mean  load  on  the  steel  cylinders  was  12,  000  pounds  (51,000  psi),  the 
maximum  load  was  20,  000  pounds  (82, 000  psi),  and  the  minimum  load  was  5,  000  pounds 
(20,  000  psi).  The  cyclic  rate  was  3  cps. 

In  the  aluminum  cylinders  for  crack  lengths  less  than  0.05  inch,  Method  2  was  found  to 
give  the  most  satisfactory  results.  Specimens  were  cycled  for  10,  000,  12,  000,  and  15,  000 
cycles  and  then  inspected.  Small  fatigue  cracks  were  found  on  some  of  the  fracture  sur¬ 
faces.  For  crack  lengths  greater  than  0.05  inch,  Method  4  was  found  to  give  the  most  con¬ 
sistent  results.  The  small  micro-weld  spot  was  less  than  0.030  inch  in  diameter  and  about 
0.020  inch  deep.  Numerous  cooling  cracks  were  present  in  the  fusion  zone  of  the  micro¬ 
weld.  When  the  specimen  was  fatigued,  one  of  these  cracks  grew  beyond  the  heat-affected 
zone.  The  fatigue  cycling  was  stopped  when  the  crack  had  grown  to  a  predetermined  length. 
Crack  lengths  ranging  from  0. 10  to  0.3  inch  were  produced  in  approximately  20,000  cycles 
by  this  process.  The  method  is  not  suitable  for  small  cracks,  since  a  crack  less  than  0.05 
inch  would  lie  in  metal  that  is  affected  by  the  thermal  cycling  due  to  welding.  Since  the 
aluminum  tubes  were  not  heat-treated  prior  to  the  failure  testing,  this  could  affect  *he 
critical  fracture  stress. 

Method  3  was  tried  on  several  aluminum  specimens  and  met  with  varying  degrees  of  success. 
Small  punch  marks  produced  what  appeared  to  be  tensile  over-stressed  regions  near  the  sur¬ 
face  from  which  the  fatigue  crack  originated.  Initially,  small  indentations  were  placed  on 
the  tensile  surface  of  the  test'  cylinders  using  a  tungsten-carbide  punch.  This  type  of 
stress  concentrator  was  discarded  when  it  became  evident  that  cracks  often  initiated 
at  small  sur'ace  scratches  rather  than  at  the  indentation  mark.  All  subsequent  cracks 
in  the  aluminum  cylinders  were  obtained  using  Methods  2  and  4. 

There  was  some  question  regarding  the  procedure  to  follow  for  the  fatigue  cracking  of  the 
4330V  Modified  steel  tubes.  Two  approaches  were  possible:  (1)  to  produce  fatigue  cracks 
in  the  specimen  prior  to  the  heat-treatment  or  (2)  to  fatigue  the  specimens  after  the  heat- 
treatment.  It  was  decided  to  use  the  weld  spot  to  produce  all  of  the  cracks  in  the  4330V 
Modified  steel,  and  all  specimens  were  fatigued  in  the  annealed  condition.  There  art; 
several  reasons  for  this  decision: 

1.  As  the  weld  spot  in  the  steel  could  be  made  very  small  (0.03  inch),  cracks  ranging  in 
length  from  0.050  inch  could  be  produced. 
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2.  The  detrimental  effects  of  the  micro-weld  spot  and  heat-affected  areas  due  to  the  weld 
cycle  would  be  minimized  because  of  the  subsequent  heat-treatment. 

3.  Crack  growth  rates  in  the  heat-treated  specimens  were  much  faster  than  those  in  the 
annealed  condition,  and  crack  length  could  not  be  controlled  as  accurately. 

4.  The  heat- treatment  resulted  in  "staining"  of  the  crack  faces,  making  initial  crack  sizes 
easy  to  measure  on  the  failed  specimens. 


Several  attempts  were  made  to  produce  suitable  inclined  cracks  in  the  7075-T651 1  aluminum 
tubes,  but  none  were  satisfactory.  The  extruded  aluminum  has  a  definite  texture  and  ani¬ 
sotropy.  Hence,  the  inclined  crack  growth  was  intermittent  and  consisted  of  a  series  of  small 
cracks  and  tears,  resulting  in  a  "staircase"  effect.  The  overall  visible  appearance  of  the 
crack  shows  it  at  an  incline  to  the  axis  of  the  tube.  However,  at  about  500x,  the  tip  ofthe 
crack  is  in  a  plane  normal  to  the  axis  of  the  tube,  i.e.,  identical  to  the  0°  specimens. 

Thus,  all  cracks  used  in  the  program  were  normal  to  the  longitudinal  axis. 

Two  distinct  types  of  specimen  were  prepared.  The  first  type  of  specimen  contained  only 
the  fatigue  precrack.  The  second  had  a  1-inch-diameter  hole  bored  in  the  cylinder  wall 
at  a  predetermined  location.  The  analysis  of  each  of  these  specimens  is  presented  in  Sec¬ 
tion  V.  Tables  II  and  III  present  the  surface  crack  size  schedule  for  the  7075-T6511  Alum¬ 
inum  and  4330V  Modified  steel  cylinders. 


TABLE  II 

SURFACE  CRACK  SIZE  SCHEDULE  -  7075-T651 1  ALUMINUM  CYLINDERS 


Surface  2c  Crack  Size 
(inches) 

No.  of  Specimens 

No.  of  Specimens 
(1 "  Dia.  Bored  Hole) 

0-.05 

10 

.05-. 10 

10 

3 

.10-.  15 

10 

3 

.15-. 20 

10 

3 

.20-. 25 

10 

3 

.25-. 30 

10 

.30-. 35 

5 

3 

.35-. 40 

5 

.40-. 45 

5 

3 

.45-. 50 

5 

Total  80  18 
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TABLE  II! 


SURFACE  CRACK  SIZE  SCHEDULE  -  4330V  MODIFIED  STEEL  CYLINDERS 


Surface  2c  Crack  Size 
(Inches) 


0-.05 
.05- JO 
J0-J5 
.15-. 20 
.20-. 25 
.25-. 30 
.30-. 35 
.35-. 40 
.40-. 45 
.45-. 50 


No.  of  Specimens 


10 

10 

10 

10 

10 

10 

5 

5 

5 

5 

80~ 


No.  of  Specimens 
(1 11  Dla.  Bored  Hole) 

3 

3 

3 

3 

3 

3 

18 
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SECTION  III 

NONDESTRUCTIVE  TESTING 
Review  of  NDT 

Background 

Nondestructive  testing  (NDT)  is  of  vital  importance  in  the  inspection,  production,  and  test¬ 
ing  of  military  aircraft  and  aerospace  components.  Aircraft  reliability  depends  on  the  use 
and  development  of  nondestructive  testing  techniques.  Nondestructive  testing  will  assume 
even  greater  importance  with  the  development  of  more  advanced  weapons  systems  and 
more  stringent  and  less  conservative  design  criteria. 

Considerable  written  information  exists  on  NDT,  although  it  is  a  relatively  new  field.  Un¬ 
fortunately,  obtaining  detailed  data  requires  a  lengthy  search  through  technical  journals, 
contractors  reports,  and  advertising  literature.  The  reports  that  are  published  in  the  litera¬ 
ture  deal  primarily  with  instrumentation  procedures  and  the  feasibility  of  new  NDT  methods. 
Significant  NDT  data  are  scarce  and  relative,  partly  due  to  the  qualitative  manner  in  which 
NDT  is  currently  used.  This  situation  gives  rise  to  frequent  duplication  of  effort  in  the  solu¬ 
tion  to  NDT  problems. 

The  interpretation  of  NDT  data  requires  experience  and  ability  on  the  part  of  the  inspector. 
Each  inspection  technique  has  its  own  particular  sources  of  error,  and  each  specimen  geome¬ 
try  presents  a  different  problem.  In  many  cases,  the  operator  must  know  what  he  is  looking 
for  to  eliminate  extraneous  information  and  estimate  correctly  the  severity  of  the  flaw. 

The  need  to  »n  rease  the  effectiveness  of  all  existing  NDT  methods  requires  that  programs 
in  the  following  areas  be  initiated  (1 1). 

1.  Determination  of  the  capabilities  and  limitations  of  each  NDT  method,  and  the  variables 
which  influence  test  method  effectiveness  (Tables  IV  and  V). 

2.  Automation  techniques  that  will  reduce  inspection  time  and  eliminate  human  factors. 

3.  Development  of  standards  for  each  test  method. 

This  section  presents  a  discuss* on  of  the  four  NDT  inspection  methods  used  in  the  experimental 
portion  of  this  program: 

1.  X-ray 

2.  penetrant 

3.  magnetic  particle 

4.  ultrasonics 

Approximately  1,000  publications  on  the  subject  matter  were  examined  as  well  as  the  ab¬ 
stracts  in  the  Report  Guides  published  by  riie  Army  Materials  Research  Agency  (7,8,9,10) 

Specifically,  answers  to  the  following  questions  were  sought: 

1.  What  are  the  sensitivity  limits  of  each  of  the  four  NDT  methods? 

(Flaw  size,  shape,  location,  etc.) 

2.  What  types  of  defects  can  be  found  with  a  high  degree  of  reliability? 

(Cracks,  porosity,  inclusions,  etc.) 

3.  What  are  the  limiting  factors  in  finding  the  flaws? 

(Thickness,  materials,  shape,  cost,  etc.) 


Location  Type  Material _ Specification  |  Selection*  Priorit 


*MP-Magnetic  Particle  P-Penetrant-Zyglo  UT-Ultrasonic  XR-X-Ray 


OPERATIONS  CHART  FOR  FOUR  NDT  METHODS 


a&aateMfca* 
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4.  What  is  the  size  and  shape  of  the  minimum  detectable  flaw  in  the  unit  test  cylinder  by 
each  of  the  NDT  methods? 

X-ray 

X-ray  inspection  is  best  suited  to  examination  for  distributed  defects  such  as  porosity,  shrink¬ 
age,  and  chemical  heterogeneity.  The  efficiency  of  X-ray  inspection  in  detecting  cracks  is 
strongly  dependent  upon  knowledge  of  the  probable  location  and  orientation  of  such  cracks 
(2).  The  extent  to  which  X-ray  inspection  can  be  utilized  in  NDT,  is  largely  dependent  on 
several  factors  including: 

1.  Intensity  of  X-rays 

2.  Part  configuration  and  material 

3.  X-ray  wavelength 

4.  Dimensions  of  source 

5.  Duration  of  emmissions 

6.  Method  and  sensitivity  of  detection 

Increasing  the  voltage  of  an  X-ray  tube  produces  radiation  of  higher  intensity  and  shorter 
minimum  wavelength.  The  shorter  wavelengths  penetrate  the  part  more  easily,  and  thus 
lower  the  contrast  in  the  image  of  the  part.  If,  however,  very  low  voltages  are  used,  the 
contrast  between  parts  of  non-uniform  thickness  may  be  too  great  for  satisfactory  viewing. 
Separate  exposures  may  be  used  to  examine  sections  of  different  thicknesses  within  a  part 
with  the  obvious  penalty  of  increased  time  and  cost. 

The  contrast  with  which  a  given  defect  is  revealed  by  X-ray  inspection  depends  on  a)  the 
wavelength  of  the  radiation  used,  b)  the  contrast  capability  of  the  film  or  fluorescent  screen 
used  as  a  viewing  surface,  and  c)  the  amount  of  background  and  scattered  radiation. 

The  largest  effective  dimension  of  the  actual  source  of  radiation  is  called  ihe  focal  spot. 
Thediagonal  of  the  focal  spot  is  taken  as  the  operating  dimension.  Since  this  dimension 
will  be  imaged  on  the  film,  the  X-ray  method  cannot  resolve  anything  smaller  than 
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where  p  is  the  penumbral  width,  D  the  focus  to  object  distance,  d  the  object  to  film  distance 
and  f  the  diagonal  of  the  focal  spot.  The  maximum  value  of  p  is  usually  taken  as  0.01  inch, 
but  if  the  film  is  to  be  examined  under  high  magnification,  a  value  of  p  may  be  0.005  inch. 
This  simple  calculation  is  used  to  determine  the  optimum  focus  to  object  distance  D.  Typical 
values  of  the  focal  spot  dimensions  are:  0.5  to  1 .5  mm  dia.  for  machines  with  operating  vol¬ 
tages  up  to  300  KV,  1.5-5  mm  dia.  for  machines  in  the  300-1000  KV  range  and  up  to  10 
mm  dia.  for  a  2  million  KV  machine. 

X-radiation  originates  at  the  focal  spot  of  the  tube,  and  proceeds  in  straight  lines  to  the 
visualizing  surface.  Since  the  focal  spot  has  a  finite  size,  the  resolution  of  features  of  the 
part  on  the  visual  presentation  is.  a  geometric  problem.  The  nomograph  shown  in  Figure  31 
presents  the  expected  performance.  For  example,  given  a  part  of  thickness  t  =  0.25  inch, 
a  tube  with  a  focal  spot  of  1  mm  in  diameter  and  a30inch  distance  from  the  X-ray  tube  to 
the  specimen,  one  would  not  expect  to  resolve  any  flaw  less  than  0.007  mm  in  length.  In 
actual  practice,  a  spot  this  size  would  be  overlooked  on  the  X-ray  film. 


The  milliamperage,  voltage,  and  total  time  that  the  X-ray  generating  tube  is  energized, 
determine  tne  amount  of  radiation  emitted  by  the  X-ray  tube.  Changes  in  the  current, 
when  all  other  factors  are  held  constant,  cause  a  change  in  radiation  intensity,  but  not  in 
oenetratir.g  power  since  the  wavelengths  are  not  changed.  The  voltage  affects  the  quality 
and  the  intensity  of  the  X-ray  beam.  The  increase  in  voltage  causes  a  change  in  wave¬ 
length.  Shorter  wavelength  offers  more  penetrating  power. 

Two  methods  of  X-ray  inspection  are  used:  radiography  and  fluoroscopy.  Radiography  is 
characterized  by  a  permanent  record  of  results,  greater  sensitivity,  and  the  possibility  of 
detailed  analysis  of  the  film  to  give  the  location  of  a  defect  within  the  thickness  of  a  part; 
but,  it  is  the  more  expensive  and  lengthier  of  the  two  techniques.  Fluoroscopy  is  a  more 
flexible  method  especiqlly  when  the  orientation  of  the  part  can  be  changed  during  examina¬ 
tion  (6). 

Both  radiography  and  fluoroscopy  depend  upon  the  production  of  shadows  by  the  defects  in 
the  part  being  inspected.  Therefore,  the  resolution  of  the  shadows  and  the  contrast  with 
which  they  are  shown  on  the  viewing  surface  (film  or  fluorescent  screen)  are  critical  para¬ 
meters  in  determining  sensitivity.  Control  of  resolution  is  amenable  to  analysis,  but  control 
of  contrast  is  largely  a  result  of  cut-and-try  methods.  Resolution  of  flaws  cannot  be  clearly 
defined  on  a  part  prior  to  examination  of  the  finished  film,  and  therefore,  X-ray  inspection 
is  very  largely  an  art  (13).  The  resolution  of  a  fluoroscopic  examination  is  limited  by  the 
fluorescent  compound  used  for  the  screen  and  will  generally  be  of  the  order  of  0.5  to  1  mm 
02). 

The  sensitivity  of  X-ray  inspection  is  determined  with  a  penetrometer.  This  device  is  usually 
a  flat  strip  made  of  a  material  similar  to  that  of  the  part,  and  of  a  thickness  approximately  ’ 
equal  to  2  percent  of  the  part  thickness.  Small  circular  holes  of  specified  diameters  are 
drilled  into  the  penetrometer,  and  the  penetrometer  is  placed  on  the  specimen  to  be  tested. 
The  visibility  of  the  penetrometer  and  arilled  holes  on  the  exposed  and  finished  photographic 
plate  is  a  measure  of  the  X-ray  sensitivity.  The  graininess,  unsharpness,  and  lack  of  contrast 
of  the  fiaw  image  on  the  developed  plate  determine  the  size  of  the  minimum  detectable  de¬ 
fect.  With  some  specifications,  e.g.,  those  using  British  Standards,  it  is  sufficient  to  be 
able  to  distinguish  the  outline  of  the  steps.  In  other  specifications,  it  is  necessary  to  distin¬ 
guish  the  images  of  the  holes.  It  is  claimed  that  the  latter  standard  gives  a  higher  number, 
i.e.,  gives  poorer  sensitivity.  The  sensitivity  is  expressed  as  a  percentage,  given  by  100 
times  the  ratio  between  the  thickness  of  the  thinnest  penetrometer  step  visible  in  the  radio¬ 
graph  and  the  maximum  thickness  of  the  specimen.  A  sensitivity  of  better  than  2  percent 
is  usually  claimed  for  commercial  equipment.  Penetrometers  may  be  used  to  give  an  indi¬ 
cation  of  the  resolution  of  a  radiograph,  but  they  should  not  be  depended  upon  to  show  pre¬ 
cisely  the  size  of  the  minimum  defect  that  is  detectable  using  X-rays  (6). 

One  problem  in  examination  of  a  part  by  X-rays  is  the  secondary  scattering  produced.  This 
is  characterized  by  an  increase  in  wavelength  of  the  radiation  and  a  loss  of  the  directionality 
of  the  incident  radiation.  Scattered  radiation  tends  to  degrade  the  image  produced  by  the 
incident  radiation  that  is  transmitted  without  change.  Two  means  are  used  to  reduce  the  ef¬ 
fect  of  secondary  scattering:  screening  the  film  and  filtering  the  radiation  at  the  tube. 

Lead  foils  placed  on  both  sides  of  the  film  will  reduce  the  effect  of  scattered  radiation,  since 
the  soft  scattered  radiation  is  absorbed  more  easily  than  is  the  harder  transmitted  radiation. 
Another  benefit  derived  from  the  use  of  lead  foil  screens  is  that  their  fluorescence  may  re¬ 
duce  exposure  time.  Image  sharpness  is  not  reduced  so  long  as  the  screens  are  in  intimate 
contact  with  the  film. 
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Filtration  of  the  radiation  produced  by  the  tube  reduces  the  proportion  of  long  wavelengths 
in  the  incident  beam  thus  improving  the  quality  of  the  image  as  longer  wavelengths  produce 
more  scattered  radiation  than  shorter  wavelengths.  The  depth  of  a  defect  within  the  part 
may  best  be  found  by  the  double-exposure  method,  Figure  32.  When  the  images  of  markers 
Mi  and  M«  are  superimposed  and  suitable  measurements  made  on  the  films,  the  distance 
of  the  defect  above  the  film  plane,  d,  is  calculated  from: 


+  a 

where d,  andSFare  determined  as  shown  in  Figure  32. 

Penetrant 

This  inspection  method  uses  a  penetrating  liquid  for  locating  discontinuities  open  to  the  sur¬ 
face.  It  is  applicable  to  any  non-porous  solid  material  which  will  not  be  harmed  by  the 
solution.  Basically,  the  penetrant  inspection  process  involves  the  following  (14). 

1.  A  penetrating  liquid  is  applied  to  the  surface  of  the  test  article.  This  can  be  accom¬ 
plished  by  dipping,  brushing,  or  spraying. 

2.  A  period  of  time  is  allowed  for  the  liquid  to  penetrate  any  cracks,  pores,  etc.,  by 
capillary  action. 

3.  The  residual  surface  penetrant  is  removed  by  washing  with  water,  using  a  specified  sol¬ 
vent,  or  by  other  accepted  methods  which  do  not  appreciably  remove  the  solution  from 
surface  openings. 

4.  The  part  is  then  subjected  to  a  developing  operation  in  which  a  porous  material  is  used 
to  draw  a  portion  of  the  penetrant  in  the  defect  to  the  surface  and  to  magnify  the  indi¬ 
cation. 

5.  The  part  is  then  examined. 

Penetrants  can  be  of  a  type  which  are  viewed  with  the  unaided  eye  as  in  color  contrast  sys¬ 
tems  or  of  the  fluorescent  type  in  which  examination  is  by  black  light. 

Penetrants  are  primarily  used  on  non-ferromagnetic  materials,  although  they  are  readily 
adaptable  to  all  non-porous  solid  materials  (Table  IV).  The  primary  restriction  with  the  use 
of  penetrants  is  that  the  defect  must  be  open  to  the  surface  of  the  part  (Table  V).  The  de¬ 
tectability  of  defects  with  penetrants  is  basically  a  function  of: 

1 .  The  geometry  of  the  opening. 

2.  The  cleanliness  of  the  opening. 

3.  The  physical  size  of  the  opening. 

Several  classifications  of  penetrants  are  available.  Table  VI  shows  the  classification  that 
corresponds  to  Military  Specifications  (15). 


All  penetrants  fall  into  three  broad  classifications: 

1.  Water- washable  oil-base  penetrants.  These  penetrants  give  a  bright  yellow  fluorescent 

indication.  They  are  available  in  several  levels  of  color  intensity  and  flaw  sensitivity. 
Typical  Magnaflux  Zyglo  penetrants  in  this  class  are  (16): 

ZL-1C  not  recommended  for  broad  shallow  defects 
ZL-17A  high  sensitivity,  not  used  for  rough  or  porous  surfaces 
ZL-18A  extreme  sensitivity,  limited  to  smooth  surfaces 


FIRST  EXPOSURE  SECOND  EXPOSURE 


FIGURE  32  PARALLAX  (DOUBLE  EXPOSURE)  TECHNIQUE  FOR 
DETERMINING  DEFECT  LOCATION 


TABLE  VI 

MIL  SPECIFICATIONS  FOR  PENETRANTS 


MIL  SPEC 

TYPE 

MA  2 

Fluorescent  penetrant,  water  washable 

MA  3 

Fluorescent  penetrant,  post-emulsifier 

MA  5 

Fluorescent  penetrant,  high  sensitivity 
post-emulsifier 

MA  6 

Visible  dye  penetrant,  solvent  removable 

MA  7 

Visible  dye,  water  washable 

MB  3 

Emulsifier,  fluorescent 

MB  5 

Emuisifier,  visible  dye 

MC4 

Non-aqueouswet  developing 

MC5 

Wet  Developer 

MC6 

Dry  Developer 

2.  Water-washable  water-base  penetrants.  These  penetrants  can  be  regulated  by  the 
strength  of  the  solution.  They  are  used  on  products  that  can  be  harmed  by  oils.  Typi¬ 
cal  Magnaflux  products  in  this  class  are  (16): 

ZL-3A  red  color/  does  not  conform  to  Military  Specification 
2L-4B  high  sensitivity,  high  cost 

3.  Post-emulsif?er  penetrants.  These  materials  use  a  separate  emulsifier  for  increasing 
the  sensitivity  in  testing.  This  penetrant  type  includes  low  chlorine  type  and  low  sul¬ 
phur  types.  Typical  Magnaflux  products  include  (16): 

ZL-2  normal  sensitivity 

ZL-22  high  sensitivity,  not  recommended  for  titanium  alloys 

ZLs-221  high  sensitivity  high  detail 

ZL-30A  ultra  high  sensitivity,  used  for  fine  cracks. 

Two  types  of  developers  are  used  commercially:  dry  and  wet.  The  developer  is  used  to  in¬ 
crease  the  sensitivity  of  the  penetrant.  The  developer  acts  as  a  capillar)'  system  to  draw 
the  penetrant  out  of  the  defect,  exposing  more  penetrant  to  the  surface.  In  this  manner, 
the  indication  of  the  penetrant  is  enhanced  over  that  of  the  undeveloped  system. 

Both  the  width  and  the  intrinsic  brightness  of  the  resulting  line  determine  the  ease  with 
which  the  human  eye  with  no  magnification  can  detect  crack  indication  (17).  This  is  par¬ 
ticularly  true  when  the  lines  have  widths  below  the  limit  of  resolution  of  the  human  eye, 
which  is  about  0.1  mm.  Penetrant  systems  are  an  excellent  method  of  revealing  fine  sur¬ 
face  discontinuities  a  fraction  of  a  micron  in  width.  Typical  crack  indications  in  a  rejected 
steel  part  are  shown  In  Figure  33  for  an  example. 

A  number  of  general  factors  are  involved  in  the  selection  of  a  particular  type  of  penetrant: 

1 .  The  surface  condition  of  the  part  being  inspected. 

2.  The  expected  surface  condition  of  the  defect.  «=*> 

3.  The  expected  shape  of  the  defect. 

4.  The  expected  size  of  the  defect. 

5.  The  copillaritv  of  the  penetrant. 

6.  The  wetting  ability  of  the  penetrant. 

Items  1,  2,  3,  and  4  are  normally  estimated,  based  on  a  knowledge  of  the  part  being  examined. 
Items  5  and  6  are  calculable. 

Capillarity  is  the  ability  of  a  liquid  to  rise  in  a  capillary  tube.  It  is  normally  determined  by 
laboratory  tests  but  can  also  be  calculated  by  determining  the  penetration  pressure: 

P  =  2S  Cos g  (4) 

W 

where 

P  =  Capi  I  lary  pressure 
S  =  Surface  tension  of  the  penetrant 

4>  =  Equilibrium  contact  angle  of  the  liquid  and  the  surface  of  the  crack 
W=  Width  of  the  crack 

The  driving  force  for  the  penetration  of  cracks  by  a  liquid  is  proportional  to  a  static  pene¬ 
tration  factor  (18).  This  factor  is  related  to  the  surface  tension  of  the  liquid  penetrant-air 
interface,  the  contact  angle  between  the  liquid-air  interface  and  liquid-solid  interface  in 
the  crack,  and  the  viscosity  of  the  liquid  penetrant.  Movement  of  liquid  into  a  crack  will 
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occur  spontaneously  when  the  contact  angle  is  less  than  90°.  For  all  the  common  penetrants 
used,  tne  contact  angle  is  on  the  order  of  10°.  With  these  angles,  there  is  no  question  con¬ 
cerning  the  potential  of  the  penetrants  to  enter  cracks  in  the  solid.  The  rate  at  which  the 
penetrant  enters  the  crack,  and  hence,  the  total  volume  of  material  in  the  crack,  is  a  more 
difficult  theoretical  problem.  The  ability  of  the  human  eye  to  see  the  penetrant  depends 
on  the  contrast  ratio  of  the  penetrater-developer  system,  the  viewing  illumination,  the  lumi- 
ous  emission  coefficient  of  the  penetrant,  and  the  size  of  the  indication.  Theoretical  values 
for  these  parameters  and  experimental  results  on  several  commercial  penetrant-developer  sys¬ 
tems  have  been  obtained  by  Houck  and  McCauley  (18),  Harris  (19),  and  McCauley  and  Van 
Winkle  (20). 

Harris  also  studies  the  ability  of  several  commercial  penetrants  and  developers  to  detect  small 
cracks.  His  results  can  be  summarized  in  Table  VII. 

The  sensitivity  panels  consisted  of  brass  sheet  specimens  with  a  nickel-chrome  plating. 

The  specimens  were  bent  over  a  radial  or  cantilever  bending  die  to  produce  an  array  of 
fine  cracks  on  the  tensile  surface.  All  specimens  were  examined  under  similar  lighting 
conditions  without  optical  magnification. 

None  of  the  plates  prepared  had  one  crack  size  exclusively;  in  general  a  vorie*--  cf  crack  sizes 
were  present.  Therefore,  the  systems  were  designated  by  go,  no-go  parameters,  ,'i.e  conclu¬ 
sions  were:  (1)  the  fluidized  dry  developers  are  superior  to  unfluidized  developers;  (2)  a  spray- 
can  developer  was  next  in  effectiveness;  and  (3)  water-dispersed  developers  were  the  least 
effective  in  revealing  cracks. 

The  developer  sensitivity  claimed  by  Magnaflux:Corporation(16)is  given  in  Table  VIII  . 

There  appears  to  be  no  doubt,  on  the  part  of  the  manufacturers,  that  any  surface  flaw  wider 
than  0.5  mil  can  be  detected  by  standard  penetrant  inspection  techniques.  However,  this 
does  not  assure  the  accurate  determination  of  surface  crack  length.  Consider  a  crack  whose 
surface  shape  is  an  elongated  ellipse,  as  shown  in  Figure  34.  The  tips  of  the  crack,  however, 
are  narrower  than  this  minimum  size.  Hence,  the  penetrant  system  will  indicate  an  apparent 
crack  length  2c'  less  than  the  actual  crack  length  2c;  the  error  depends  on  the  a/c  eccen¬ 
tricity  of  the  ellipse.  Since  the  crack  length  is  the  important  geometric  parameter  in  frac¬ 
ture,  this  error  could  be  serious. 

If  the  material  is  ductile,  resulting  in  q  relaxation  of  stresses  at  the  tip  of  the  crack,  the 
problem  is  less  critical,  since  the  crack  will  open  up  more  due  to  plastic  deformation  at  its 
extremities.  In  this  case,  c/a  will  decrease.  However,  with  brittle  materials,  the  shaip- 
ness  of  the  crack  could  result  in  large  errors  in  crack  length. 

A  measure  of  the  capability  of  penetrants  to  detect  flaws  and  correctly  indicate  their  size 
is  provided  by  the  crack  opening  displacement  (COD).  The  value  of  COD  for  specimens 
subjected  to  uniaxial  loading  (21)  is  given  by: 


COD  = 


where  G.  is  the  critical  strain  energy  release  rate,  and  a  is  the  tensile  yield 
I  c  ty 

strength  of  the  material. 
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TABLE  Vlt 


EXPERIMENTAL  SENSITIVITY  OF  PENETRANT  SYSTEMS 

[reference  19] 


Penetrant 

Developer  (*) 

Sensitivity  crack  width  (Mils) 

(Ml  L  Specs 

See  Tnble  III) 

Mi  L  Specs 
(Magnaflux) 

Fine 

Medium 

Coarse 

0.019  To 

0.09  To 

0.500 

0.117 

0.13 

MA2 

D2  Dilute  (ZP-5) 

- 

+ 

+ 

D2  Cone 

- 

- 

+ 

D7  Not  Fluidized 
(ZP-4A) 

- 

_+ 

+ 

D1  Spray  (ZP-9) 

- 

_+ 

+ 

D1  Spray  (ZP-9) 

- 

+ 

+ 

MA3 

D2  Dilute 

- 

+ 

+ 

D7  Fluidized 

- 

+ 

+ 

D1  Spray 

- 

+ 

+ 

MA5 

D2  Dilute 

- 

+ 

+ 

D7  Fluidized 

- 

+ 

+ 

*A  (+)  indicated  a  strong  indication,  a  (-+)  a  moderate  indication,  and  (-)  little 
or  no  indication  of  the  crack. 


TABLE  VIII 


MAGNAFLUX  DEVELOPER  SENSITIVITY 
[REFERENCE  16] 


Penetrant 

Developer 

Sensitivity 

Fine 

Medium 

Coarse 

0.2 

0.8 

2.0 

0.5 

1.2 

4.0 

(Crack  width  in  microns) 

ZL-2  (Post- 
Emulsifier) 

SP-4  (dry  powder) 

none 

weak 

rlrong 

ZP-5  (water  soluble) 

none 

weak 

strong 

ZP-11  (high  sensitivity 
water  soluble) 

some 

strong 

strong 

ZP-9  (non-aqueous 
suspension) 

some 

strong 

strong 

ZL-22  (High 
Resolution  Post- 

Emulsifier) 

ZP-4 

none 

weak 

strong 

ZP-5 

none 

weak 

strong 

t 

ZP-11 

weak 

strong 

strong 

ZP-9 

weak 

strong 

strong 

ZL-30A 

ZP-4 

weak 

strong 

strong 

ZP-5 

weak 

strong 

strong 

ZP-11 

strong 

strong 

strong 

ZP-9 

strong 

strong 

strong 

FIGURE  34  ERROR  IN  CRACK  LENGTH  PRODUCED  BY  INSUFFICIENT 
PENETRATION  OF  DYE  INDICATOR  INTO  CRACK 


Hence,  ‘iftheGOD  is  greater  than  the  minimum  penetrable  crack  width  (0.0005"),  the  pene¬ 
trant  will  detect  the  entire  surface  length  of  the  crack. 

The  Lockheed  Georgia  Research  Laboratory  has  the  capability  of  performing  penetrant  in¬ 
spections  with  a  wide  range  of  penetrants  of  various  sensitivities.  This  versatility  is  re¬ 
quired  since  considerable  developmental  activities  are  conducted.  One  such  system  be¬ 
ing  used  by  this  laboratory  is  a  penetrant  identified  as  Magnaflux  Hy-Rez.  Although  this  is 
a  color-contrast  method  and  not  a  fluorescent  type,  it  does  offer  a  high  degree  of  sensitivity 
and  contrast.  The  Hy-Rez  method  involves  the  following  steps: 

1.  Spraying  of  the  penetrant,  which  dries  after  entrance  into  the  defect. 

2.  Removal  of  excess  penetrant. 

3.  Application  of  a  developer  to  bring  out  indications  and  provide  background  contrast. 

4.  Applications  of  a  fixer  which  prevents  any  bleed-out  of  nondried  solution. 

Fluorescent  penetrants  were  used  to  a  great  extent  in  this  program  due  to  the  high  sensitivity 
which  can  be  obtained  with  this  method.  Records  of  indications  are  made  using  this  techni¬ 
que  by  the  application  of  celophane  tape  to  the  inspected  surface.  In  addition  to  its  high 
sensitivity,  one  of  the  prime  advantages  of  this  metnod  is  that  the  bleed-out  is  minimal; 
thus  problems  generated  by  large  cracks  are  reduced. 

The  Lockheed-Georgia  production  penetrant  inspection  system  uses  a  post-emulsifiable 
fluorescent  method.  The  penetrant  is  Magnaflux  ZL-2,  which  is  not  water-soluble. 

The  Magnaflux  ZE-3  emulsifier  is  applied  after  penetration  to  enable  the  following  water 
wash  to  remove  the  excess  penetrant.  A  ZP-5  wet  developer  is  used.  The  accuracy  of 
the  laboratory  process  is  slightly  enhanced  due  to  the  use  of  ZP-4  developer  in  dry  form. 

A  penetrant  inspection  system  has  the  following  advantages: 

1.  A  large  number  of  small  parts  can  be  inspected  more  efficiently  than  by  other  methods. 

2.  There  are  no  limitations  with  respect  to  size  or  shape  of  a  part. 

3.  The  process  is  essentially  simple  compared  with  other  techniques. 

Magnetic-Particle  Inspection 

Magnetic-particle  inspection  requires  the  generation  of  a  magnetic  field  within  the  part 
to  be  examined.  If  the  part  does  not  contain  any  inhomogeneities,  the  strength  of  the 
magnetic  field  on  the  surface  varies  smoothly  from  place  to  place.  On  the  other  hand, 
in  the  vicinity  of  a  flaw,  the  magnetic  field  is  disturbed.  The  interaction  of  the  applied 
magnetic  field  and  the  flaw  creates  pseudo-poles  within  the  part  in  the  vicinity  of  the 
flaws.  When  magnetic  particles  are  flowed  over  the  part,  they  accumulate  in  the  vicinity 
of  these  poles  and  indicate  the  location  and  extent  of  the  flaw. 

The  magnetic  particles  may  be  used  either  wei  or  dry.  A  dry  technique  is  used  for  the  in¬ 
spection  of  large  forgings  and  castings  (6).  The  dry  technique  is  preferred  when  the  defect 
is  located  beneath  the  surface  or  when  the  part  to  be  inspected  has  a  rough  surface.  The 
wet-particle  technique  is  used  for  production  and  maintenance  inspection  since  it  can  be 
washed  off  easily. 

'  The  wet  technique  with  fluorescent  magnetic  particles  to  be  examined  under  U.V.  light  is 
a  trademarked  process  of  the  Magnaflux  Corporation  called  "Magnaglo."  This  combines 
the  advantages  of  flaw  identification  with  fluorescent  particles  and  the  speed  of  magnetic- 
particle  inspection.  Both  Magnaflux  and  Magnaglo  are  trademarked  magnetic-particle 
inspection  techniques  (22) .  A  number  of  factors  must  be  considered  during  the  per- 
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formance  of  a  magnetic-particle  inspection.  The  prime  factor  is  the  selection  of  the  method 
of  magnetization.  This  method  selection  is  a  function  of  five  basic  factors: 

1.  Alloy,  shape,  and  condition  of  part. 

2.  Type  of  magnetizing  current. 

3.  Direction  of  the  magnetic  field. 

4.  Sequence  of  operations. 

5.  Value  of  flux  density. 

The  alloy,  shape,  and  condition  of  a  part  are  of  importance  since  these  factors  affect  the 
permeability  of  the  part;  i.e.,  the  ease  with  which  it  can  be  magnetized. 

The  type  of  magnetizing  current  (AC,  DC,  etc.)  is  a  function  of  the  availability  of  a  par¬ 
ticular  unit  as  well  as  the  type  of  defect  being  sought. 

Of  the  five  factors  involved  in  selecting  a  method,  the  direction  of  magnetic  field  is  the 
most  critical. 


■■  i 
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The  sensitivity  of  magnetic-particle  inspection  techniques  to  flaws  depends  on  the  orienta¬ 
tion  of  the  flaw  with  respect  to  the  magnetic  field.  For  surface  cracks,  the  best  indica¬ 
tions  are  found  if  the  flaw  ?s  located  at  right  angles  to  the  magnetizing  field.  This  is  due 
to  the  strength  of  the  poles  created  by  the  magnetic  field,  and  is  given  in  terms  of  (a)  the 
length  of  the  flaw,  (b)  the  strength  of  the  magnetic  field,  and  (c)  the  line  of  the  angle 
between  the  field  and  the  flaw  (23).  When  the  direction  of  the  defects  is  not  known,  the 
part  must  be  magnetized  in  more  than  one  direction. 


The  sequence  of  operations  must  be  considered  during  a  magnetic-particle  inspection  to  ob¬ 
tain  the  greatest  sensitivity  for  a  particular  part.  Two  basic  sequential  methods  are  used, 
depending  on  the  shape,  alloy,  and  type  of  part: 

1 .  The  continuous-field  method  inspection  consists  of  applying  the  particles  during  the 
magnetizing  cycle.  Thismethod  offers  the  greatest  sensitivity  and  may  be  used  reli¬ 
ably  with  steels  having  both  high  and  low  retentivity. 

2.  The  residual-field  method  of  inspection  consists  of  a  long  magnetizing  cycle,  after 
which  the  particles  are  applied.  This  method  is  used  in  special  applications  such  as 
confirming  the  presence  of  subsurface  defects  or  where  lower  sensitivity  is  tolerable. 

The7  flux  density,  which  is  the  strength  of  the  induced  magnetic  field,  must  be  controlled  so 
that  the  induced  field  is  of  sufficient  magnitude  to  be  interrupted  adequately  by  the  defect 
yet  not  so  large  that  the  defect  area  is  bridged.  Since  flux  density  is  controlled  by  the 
amount  of  current,  a  relationship  between  the  current  setting  and  the  size,  shape,  and  ma¬ 
terial  of  the  part  must  be  determined.  A  "rule  of  thumb"  which  has  been  used  for  a  number 
'  of  years  is  approximately  600  to  800  ampeies  per  linear  inch  of  section  thickness  or  diameter 
when  using  a  circular  field  (magnetizing  current  flowing  through  the  part  being  inspected) 
with  direct  current. 

If  the  flaw  is  open  to  the  surface  and  located  at  right  angles  to  the  magnetic  field,  the  sen¬ 
sitivity  of  the  process  is  comparable  to  that  of  dye  penetrants;  crack  width  should  be  on  the 
order  of  0.0005".  Incipient  fatigue  cracks  having  a  depth  of  about  0.001"  should  be  readily 
located  by  either  the  wet  or  dry  method  (24).  However,  the  actual  depth  of  the  crack  has 
little  effect  on  the  ease  of  detection,  except  that  the  deeper  the  crack  the  greater  the  mag¬ 
netic  particle  buildup  over  it.  This  results  from  the  increase  in  leakage  flux  due  to  the  in¬ 
creased  size  of  the  flaw  and  the  larger  width  of  the  crack.  On  the  other  hand,  if  the  faces 
of  the  crack  are  pressed  together,  the  magnetic  flux  leakage  is  reduced  almost  to  the  aver¬ 
age  field  strength  throughout  the  body  of  the  material.  In  this  case,  the  magnetic  particles 
do  not  produce  an  indication. 


Over .50  varieties  of  standard  magnetic-rparticle  test  machines  are  available  for  industrial 
use  (25).  These  vary  as  to:  (1)  the  type  of  magnetizing  current  used:  AC,  DC,  mixed  or 
permanent  magnet  type;  (2)  nature  of  the  instrument:  portable,  experimental,  or  production; 
and  (3)  the  type  of  test  materials  used:  wet  or  dry. 

Magnetic-particle  indications  fall  into  three  broad  classes  (26): 

1 .  Surface  discontinuities 

2.  Subsurface  discontinuities 

3.  Nonrelevant  magnetic  disturbances 

Surface  discontinuities  produce  sharp,  distinct  patterns  which  are  usually  limited  to  the  im¬ 
mediate  areas  surrounding  the  discontinuity.  Subsurface  discontinuities  are  usually  less 
distinct,  and  the  magnetic  particle  indications  become  broader  and  fuzzier  if  the  discontin¬ 
uity  causing  them  lies  deeper  beneath  the  surface.  In  either  case,  the  higher  the  current 
density,  the  more  distinct  the  indication. 

Extraneous  indications,  in  most  cases,  are  caused  by  leakage  fields  at  sharp  edges  or  at  the 
ends  of  the  part  and  particle  adherence  due  to  local  poles.  Local  areas  of  cold-working  may 
reduce  the  magnetic  permeability  of  the  material  and  cause  nonrelevant  disturbances  (27). 

In  contrast  to  the  dye  penetrants,  magnetic-particle  inspection  can  be  used  to  detect  cracks 
lying  completely  below  the  surface.  Since  the  magnetic-particle  indication  is  due  primarily 
to  the  field  strength  of  the  pseudo-poles  generated  by  the  interaction  of  the  flaw  and  the 
magnetic  field,  a  subsurface  flaw  can  be  detected  by  an  accumulation  of  magnetic  particles 
on  the  surface. 

The  sensitivity  of  magnetic  particle  inspection  to  subsurface  flaws  is  determined  as  follows. 

A  solid,  hardened-tool -steel  ring  with  a  series  of  holes  0.07”  in  diameter  drilled  parallel  to 
the  ring  axis  at  varying  depths  is  used  (Figure  35).  Tests  on  thi.,  ring  are  conducted  using  a 
threshold  indication  method  to  compare  the  ability  of  wet  or  dry  magnetic  powders  in  de¬ 
tecting  these  subsurface  flaws  (26).  A  threshold  indication  is  tne  minimum  magnetic  field 
required  to  produce  a  noticeable  pattern  on  the  surface  of  the  ring.  Figure  36  shows  a  com¬ 
parison  of  two  types  of  magnetic  field  (AC  and  DC)  and  wet  and  dry  powders.  It  is  evident 
that  the  combination  of  half-wave  DC  power  and  dry  powder  can  detect  a  flaw  0.72"  below 
the  surface  with  an  operating  amperage  of  approximately  60  Amps.  The  dry-powder  methods 
are  more  apt  to  determine  the  subsurface  flaws  than  the  wet-powder  methods,  and  DC  power 
is  superior  to  AC  (24). 

It  is  claimed  that  magnetic-particle  techniques  can  be  used  to  detect  flaws  as  deep  as  2" 
below  the  surface  (28).  As  the  defect-to-surface  distance  increases,  it  becomes  difficult 
to  detect  the  length  of  flaws.  However,  using  a  dry-powder  technique,  it  does  appear 
feasible  to  detect  flaws  lying  at  0.24"  below  the  surface  in  a  thick  plate,  if  the  flaw  is 
larger  than  0.07"  in  diameter.  To  detect  flaws  of  smaller  diameter,  they  should  lie 
closer  to  the  surface.  The  depth  of  the  defect  must  be  considered  in  relation  to  the 
overall  cross  section  of  the  part.  It  is  easier  to  locate  a  defect  of  given  size  and  shape 
\/2"  below  the  surface  in  a  section  4"  thick  than  it  would  be  if  the  same  defect  were 
located  1/2"  below  the  surface  in  a  section  1-1/2"  thick  (26). 

Subsurface  inspection  requires  a  high  degree  of  skill  on  the  part  of  the  magnetic-'particle 
inspector.  He  must  know  what  operating  currents  to  use  to  detect  the  flaw,  and  whether 
it  is  advisable  to  use  dry  powder  or  wet  powder.  Thus,  it  is  expected  that  production- 
inspection  personnel  would  not  detect  subsurface  flaws  by  this  method  as  well  as  a 
carefully  trained  technician. 
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FIGURE  35  SCHEMATIC  SKETCH  OF  SUBSURFACE  FLAW  SENSITIVITY 
RING  FOR  MAGNETIC  PARTICLE  NDT 


AC  (WET)  /  /  AC  (DRY) 
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FIGURE  36  COMPARISON  OF  WET  AND  DRY,  AC  AND  DC  SENSITIVITY  OF 
MAGNETIC  PARTICLE  INSPECTION  METHODS  FOR  LOCATING 
ARTIFICIAL  FLAW  (0.07"  DIA.  HOLE) 


Magnetic-particle  inspection  has  noted  advantages  over  the  penetrant  inspection: 

1 .  Both  surface  and  near-to-surface  discontinuities  are  detectable. 

2.  Defects  are  detectable  under  thin  films  of  paint  and  plating. 

3.  In  general,  the  method  is  faster  for  ferromagnetic  parts. 

Two  noted  disadvantages  of  magnetic  particle  inspection  are: 

1.  Only  ferromagnetic  materials  can  be  inspected. 

2.  The  part  must  be  demagnitized  after  inspection,  a  time-consuming  step  (see  Table  V). 

The  sensitivity  of  the  magnetic-particle  suspension  is  primarily  controlled  by  the  size  of 
particle  and  the  bath  concentration.  Smaller  particles  show  greater  sensitivity  when  in* 
specting  for  small  defects  as  they  are  attracted  more  easily  by  weak  fields.  The  bath  con¬ 
centration  must  be  high  enough  to  provide  adequate  coverage  of  the  part  but  must  not  be  so 
high  as  to  provide  unnecessary  background. 

Ultrasonic  Inspection 

The  ultrasonic  methods  of  NDT  are  perhaps  the  most  sophisticated  and  potentially  the  most 
informative  method  for  detection  of  flaws.  The  use  of  ultrasound  varies  from  routine  labor¬ 
atory  control  inspections  to  determination  of  basic  properties  of  materials.  The  instrumen¬ 
tation  is  basically  electronic,  with  indications  being  obtained  almost  instantaneously. 

Rapid  scanning  of  parts  with  automatic  positioning,  plotting,  and  alarm  systems  can  be  used 
with  this  technique  (29,  30,  31).  ' 

Ultrasonic  inspection  uses  a  power  source  which  activates  and  monitors  a  transducer.  The  • 
transducer  vibrates  at  a  defined  frequency  on  the  application  of  an  electrical  charge  from 
the  power  supply.  This  vibration  is  transferred  to  the  part  in  the  form  of  ultrasound  and 
travels  through  the  part  in  the  same  manner  as  audible  sound.  The  presence  of  a  void, 
crack,  or  material  acoustically  different  from  the  part  material  will  reflect  or  echo  the  ultra¬ 
sound.  The  reflected  ultrasound  travels  back  to  the  transducer.  This  transducer  is  then  vi¬ 
brated  by  the  returning  energy,  which  produces  an  electrical  charge.  This  electrical  charge 
is  then  received  by  the  power  supply  and  converted  to  a  signal  on  an  oscilloscope  screen. 

The  main  types  of  ultrasonic  flaw  detection  instruments  are  essentially  electronic  time¬ 
measuring  devices.  The  instruments  display  the  information,  either  transmitted  or  reflected 
intensities,  on  a  timeline  basis  of  a  catnode-ray  tube.  This  information  can  be  interpreted 
directly  from  the  tube  (known  as  "A'’1  scan  presentation)  or  can  be  presented  in  a  cross-sec¬ 
tional  view  ("B"  scan)  or  a  plan  view  with  respect  to  the  surface  ("C"  scan). 

Two  broad  categories  of  ultrasonic  instruments  are  available:  conti nuous-wave  systems  and 
pulsed  systems.  The  conti  nuous-wave  systems  can  be  further  broken  into  the  following  cat¬ 
egories  (32): 

(a)  Resonance  type.  Used  primarily  to  measure  thickness  but  can  be  used  to  detect  flaws 
in  some  restricted  test  geometries. 

(b)  Transmission  type.  Measures  the  transmitted  intensity  of  sound  through  the  specimen, 
using  separate  transmitter  and  receiver  probes.  The  method  has  the  disadvantage  of 
low  sensitivity  due  to  the  development  of  standing  waves  and  interference  effects. 

(c)  Reflection  type.  Measures  the  pulse  reflected  from  the  back  of  the  specimen.  Con¬ 
tinuous-wave  reflection  has  the  same  limitations  as  conti  nuous-wave  transmission  types. 

Pulsed  systems  are  divided  into  transmission  and  reflection  types.  Pulse-transmission  or  pulse- 
reflection  techniques  are  those  most  frequently  used  for  flaw  detection. 
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The  most  often  used  ultrasonic  techniques  for  inspection  are  longitudinal  wave  techniques 
and  shear  wave  technique.  Since  both  of  these  techniques  were  utilized  in  this  program, 
both  will  be  discussed. 

Longitudinal  Wave  Techniques  -  The  echo  is  a  reflection  of  the  ultrasonic  wave  from  a 
free  surface,  the  free  surface  may  be  the  end  of  the  specimen,  an  internal  crack,  or  an 
inclusion.  Pulse-echo  flaw  detection  by  back-reflection  from  an  internal  flaw  is  shown  in 
Figure  37.  The  portion  of  the  wave  reflected  from  an  internal  surface  travels  a  shorter 
distance,  thus  returning  to  the  crystal  before  the  echo  from  the  end  of  the  specimen.  Hence, 
by  knowing  the  length  of  the  specimen,  the  distance  from  the  surface  to  the  flaw  can  be 
determined.  Thir  process  is  known  as  "A"  scan  on  the  oscilloscope.  Aerojet  General  (33) 
established  the  following  tolerances  on  flaw  location  measurements. 


Depth  (inches) 
less  than  0.5 
0.5  thru  1.0 
greater  than  1 . 0 


Tolerances  (inches) 
+  0.0625 
+  0.125 
+  0.25 


Minimum  flaw  sizes  for  aluminum  as  recommended  by  the  Society  for  NDT  (34)  are  given  in 
Table  IX. 

Since  the  amplitude  of  the  response  is  a  measure  of  the  flaw  size,  it  is  worthwhile  to  con¬ 
sider  the  sensitivity  of  the  response  system  to  standard  test  blocks.  The  standard  ultrasonics 
test  block  consists  of  a  cylinder  of  the  material  to  be  tested  with  flat  faces.  A  small  flat- 
bottom  hole  is  drilled  into  one  end.  This  flat-bottom  hole  is  used  as  a  standard  to  estimate 
the  flaw  size  and  the  flaw  depth.  A  flaw  which  gives  a  stronger  reflected  signal  than  a  1/64" 
diameter  is  therefore  larger.  In  addition  to  the  1/64“  diameter  hole,  there  are  3/64",  5/64", 
and  8/64"  diameter  standards.  These  holes  are  available  at  varying  depths.  This  permits  an 
accurate  estimate  of  the  metal  through  which  the  ultrasound  travels  to  reach  the  flaw.  Flaws 
at  defined  depths  are  compared  to  standard  holes  at  the  same  depth  for  a  more  accurate  eval¬ 
uation  of  defect  size.  Standard  calibration  blocks  are  available  from  Automation  Industries, 
Inc.,  Danbury,  Connecticut. 

Sperry  Products  gives  the  following  response  data  for  their  UM  700  instrument.  A  hole  8/64" 
diameter  at  a  distance  of  3"  from  the  transducer  will  yield  a  2.8"  amplitude  on  the  oscillo¬ 
scope.  At  the  same  distance,  a  hole  1/64"  in  diameter  will  yield  a  response  amplitude  of 
0.1"  on  the  oscilloscope.  The  transducer-test  block  arrangement  is  such  that  the  response 
amplitude  decreases  when  the  flaw-to-transducer  distance  is  changed  from  3". 

The  experimental  results  obtained  by  Morgan  (35)  on  stainless  steels  are  tabulated  in  Table 
X. 

The  size  of  the  flaw  is  estimated  by  the  height  of  the  echo  signal  on  the  screen  of  the  oscillo¬ 
scope  (36).  The  height  (h )  of  the  echo  signal  from  a  small  flaw  under  ideal  conditions  is  pro¬ 
portional  to  the  reflected  voltage  (U^)  from  the  ultrasonic  probe  (37). 
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g  =  Thickness 

8  -  =  distance  to  flaw 
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FIGURE  37 


SCHEMATIC  SKETCH  OF  RESPONSE  CURVE  FROM  PULSE  ECHO 
FLAW  DETECTION  UNIT.  (A)  FRONT  SURFACE  (B)  BACK  SUR- 
FACE  (C)  REFLECTION  FROM  FLAW.  HEIGHT  OF  INDICATION 
FROM  FLAW  IS  (h) 
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TABLE  IX 

RECOMMENDED  ULTRASONIC  ACCEPTANCE  STANDARDS  FOR 
AIRFRAME  ALUMINUM  ALLOY  PLATE, FORGINGS,  AND  EXTRUSIONS 

(REFERENCE  34) 


Product 


Die  Forgings 


Thickness  (inches) 


.  375  and  over 


Discontinuity  Class 


B 


Hand  Forged 


Plate 


.250-1.499 
1.500-3.00 
3. -4.5 


Extrusion 


. 375  &  over 
1.5  &  over 


Discontinuity  Class  A 


Response  from  5/64"  Dia.  Flat-Bottom  Hole 

Multiple  Indications  from  3/64"  Dia.  holes  located  closer  than  I"  center-to-center 
distance 

Discontinuity  Class  B 

Response  from  8/64"  Dia.  Flat-Bottom  Hole 

Multiple  indications  from  5/64"  Dia.  holes  located  closer  than  1"  center-to-center 
distance 


TABLE  X 


ULTRASONIC  ATTENUATION  IN  STAINLESS  STEEL 
(REFERENCE  35) 


Distance  from  Defect* 


Type  of  Steel 

6  Inches 

3  Inches 

1  Inc 

Height  of  Indication  (  Inch  ) 

304  Stainless 

3/16 

3/8 

1/4 

304  Annealed  Stainless 

1/8 

1/4 

1/8 

403  Stainless 

1/8 

1/4 

1/16 

430  Stainless 

9/16 

3/4 

3/8 

A286  Stainless 

1/4 

3/8 

1/4 

*  The  defect  in  all  cases  was  a  1/8"  diameter  flat  bottom  hole  3/4"  deep. 


where  U  =  the  peak  pulse  voltage  applied  to  the  transducer 
0 

K  =  coefficient  of  electro-acoustic  conversion 
D  =  diameter  of  the  transducer 
Dy  =  diameter  of  the  flaw 
A  =  coefficient  of  amplification 

0  =  depth  of  flaw 

=  length  of  specimen  normal  to  field 
x  =  damping  coefficient 

By  scanning  over  the  whole  sheet,  it  is  possible  to  plot  the  locus  of  all  back-reflected  pro¬ 
jections  of  the  flaws  on  the  inspected  surface.  With  a  frequency  of  2  mHz  and  manual  con¬ 
trol,  it  is  possible  to  detect  flaws  of  a  diameter  of  2mm  (0.08")  to  a  depth  of  300mm  (12")/ 
and  a  diameter  of  3mm  (0. 12")  to  a  depth  of  500mm  (20")  in  low  alloy  steels.  At  600mm 
(24")  from  a  3mm  flaw,  the  accuracy  is  ±25%  (37). 

Tests  conducted  by  Botsco  (38)  using  a  high-resolution  ultrasonic  instrument  with  0.25"  thick 
aluminum  plate  are  given  in  Table  XI. 

Hence,  it  could  be  concluded  that  in  0.25"  thick  aluminum  the  minimum  flaw  size  that  can 
be  detected  is  3/64"  in  diameter  by  0.04"  deep. 

Shear  Wave  Techniques  -  When  the  ultrasonic  transducer  is  tilted  at  an  angle  with  the 
normal  to  the  test  part,  a  mode  conversion  process  takes  place  at  the  point  of  incidence 
into  the  part.  Two  or  more  modes  can  result;  but  normally  only  longitudinal  and  shear 
modes  are  significant.  With  a  proper  angle,  the  longitudinal  wave  will  be  totally 
reflected  allowing  only  the  shear  wave  to  enter  the  part.  The  chief  differences  between 
longitudinal  and  shear  waves  are  that  shear  waves  travel  at  about  half  the  velocity  of  the 
longitudinal  waves  and  the  shear  oscillations  are  normal  to  the  direction  of  travel  whereas 
longitudinal  oscillations  are  parallel  to  the  direction  of  travel.  The  reduced  velocity  of 
the  shear  wave  results  in  a  smaller  wave  length  than  a  longitudinal  wave.  Hence,  better 
resolution  can  be  obtained  with  shear  waves. 

The  specific  technique  used  in  this  investigation  will  be  discussed  in  detail  in  the  NDT 
Experimental  Program,  page  76,  and  the  reader  is  referred  to  Reference  (6)  for  additional 
general  information. 

The  crack  detection  ability  discussed  for  longitudinal  wave  techniques  is  presumed  to 
apply  generally  to  shear  wave  techniques. 
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TABLE  X! 

ULTRASONIC  SENSITIVITIES  IN  0.25"  ALUMINUM  PLATE 
(  REFERENCE  38  ) 


Hole  Diameter 

Inch 

Hole  Depth 

Inch 

Indication 

1/8 

0.1-0.015 

All  indicated  (0.020  and  0.015"  depth 
indicated  by  second  and  third  reflec¬ 
tions) 

5/64 

0.1-0.015 

All  indicated  (0.020  and  0.015"  depth 
indicated  by  second  and  third  reflec¬ 
tions) 

3/64 

0.1,0.75,0.050 

0.040 

All  indicated 

0.030,  0.020, 
0.015 

None  indicated 

1/64 

0.1-0.015 

None  indicated 

The  sensitivity  limits  of  ultrasonic  inspection  depend  upon  several  additional  factors. 
Surface  roughness  has  an  adverse  effect  on  the  sensitivity.  The  frequency  of  the  ultra¬ 
sound  is  important,  since  higher  frequencies  are  more  apt  to  be  reflected  by  smaller  flaws. 
This  is  due  to  the  shorter  wavelengths  of  the  high  frequencies.  There  is  a  limit,  since  at 
the  higher  frequencies,  more  interference  is  encountered  by  the  grain  boundaries  in  the 
material . 

NDT  Experimental  Program 


The  nondestructive  testing  conducted  as  a  part  of  this  program  is  divided  into  three 
categories: 

o  Inspection  of  test  cylinders 
o  Inspection  of  aircraft  components 

o  Inspection  to  determine  cracking  of  round  fracture  toughness  specimens. 

For  continuity,  the  NDT  utilized  in  inspection  of  the  test  cylinders  is  discussed  in  this 
section.  The  inspection  of  aircraft  components  is  deferred  until  Section  VI.  The  inspec¬ 
tion  to  determine  cracking  of  round  fracture  toughness  specimens  is  discussed  in  Section  V. 

The  major  difference  in  these  three  areas  of  inspection  was  the  ultrasonic  techniques 
utilized.  A  shear  wave  technique  was  used  on  the  test  cylinders,  longitudinal  wave 
techniques  were  used  on  the  aircraft  components,  and  a  submerged  longitudinal  wave 
technique  was  used  for  the  fracture  toughness  specimens. 


A  specially  designed  fixture  was  used  in  inspection  of  the  test  cylinders.  This  was  neces¬ 
sary  since  the  exact  location  of  the  cracks  had  to  be  recorded.  The  fixture  is  shown  in 
Figures  38  and  39.  It  consists  of  a  12-inch-long  plug  that  fits  into  the  inside  of  the  tube. 
A  notched  flange  on  one  end  of  the  plug  is  aligned  with  a  fiducial  mark  on  the  end  of 
the  tube.  An  arm  with  a  steel  scale  swings  on  a  pivot  on  the  flanged  end.  The  angular 
displacement  of  the  crack  on  the  tube  surface  is  measured  by  lining  up  the  steel  scale 
with  the  crack  indication.  The  steel  scale  is  mounted  parallel  to  the  axis  of  the  tube. 
Thus,  the  location  of  the  ends  of  the  crack  from  the  reference  end  of  the  tube  and  the 
length  of  the  crack  can  be  measured.  Figure  40  is  a  schematic  sketch  of  the  reference 


dimensions. 


Measurements  of  crack  length  and  crack  location  are  made  using  each  NDT  method  for  each 
tube.  After  the  specimen  is  tested  to  failure  in  tension,  the  crack  length  and  location  are 
measured  on  the  failed  surface. 


X-Ray  Inspection 


X-ray  inspection  of  the  test  cylinders  is  performed  using  the  experimental  setup  shown  sche 
matically  in  Figure  41 .  Three  photographs  are  taken  of  each  tube.  The  specimens  are  ro¬ 
tated  120°  between  each  exposure  to  obtain  complete  coverage. 


The  7075-T6511  Aluminum  cylinders  are  inspected  using  a  Norelco  MG-150  X-ray  source. 
This  has  a  beryllium  window  with  two  focal  spots  of  2.5  mm  and  0.7  mm.  The  0.7  mm  focal 
spot  was  used  with  an  initial  operating  voltage  of  1 10  KVC  at  5  millianips.  The  film-to- 
focal-plane  distance  was  36  inches.  A  2-minute  exposure  was  used  with  a  D-4  medium- 
resolution  X-ray  film. 
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FIGURE  38  FIXTURE  USED  ON  TEST  CYLINDERS  TO  DETERMINE 
CRACK  LOCATION  AND  CRACK  LENGTH 


FIGURE  39  DETAIL  SHOWING  FLANGED  END  OF  FIXTURE  FOR 

DETERMINING  CRACK  LOCATION  AND  CRACK  LENGTH 
ON  TEST  CYLINDERS 


X-RAY  TUBE 


FIGURE  41  SCHEMATIC  SKETCH  SHOWING  X-RAY  METHOD  USED  TO  INSPECT 
TEST  CYLINDERS 


To  increase  resolution  and  identify  smaller  flaws,  the  voltage  was  increased  to  165  KVC 
volts  at  5  milliamps.  Using  a  36-inch  film-to-focal-plane  distance,  a  3-minute  exposure 
was  used  on  Ansco  HD  D-2  film  (high-resolution  X-ray  emulsion).  No  screen  was  used  with 
the  aluminum  tubes.  These  radiography  procedures  follow  Military  Standard  453. 

For  the  4330V  Modified  steel  cylinders,  a  Norelco  MG-300  X-ray  source  was  used.  The 
focal  spot  sizes  for  this  tube  are  4  mm  and  1 .5  mm.  The  4  mm  focal  spot  was  used  at  an 
operating  voltage  of  190  KV  at  5  milliamps.  A  lead  screen  0.005  inch  thick  was  used  as  a 
filter.  The  film-to-focal-plane  distance  was  36  inches.  Using  the  medium-resolution  D-4 
film,  the  exposure  time  was  2  minutes. 

A  typical  crack  indication  appears  as  a  dark  line  on  the  X-ray  film.  Figure  42  shows 
an  enlarged  portion  of  a  typical  X-ray  crack  indication  found  on  the  7075-T65II 
Aluminum  cylinders.  The  film  is  medium-resolution  D-4.  Figure  43  shows  an 
enlarged  portion  of  an  X-ray  crack  indication  found  in  4330V  Modified  steel  cylinders. 

Two  problems  exist  in  measuring  the  size  and  location  of  a  crack  by  X-ray  inspection.  The 
X-ray  focal  spot  is  essentially  a  point  source,  and  the  beam  diverges.  A  defect  in  the  part 
located  some  unknown  distance  above  the  film  may  exist  anywhere  along  the  line  that  joins 
the  source  and  the  indication  on  the  film.  In  some  cases,  the  double-exposure  technique 
may  be  used  to  locate  the  defect;  however,  this  is  not  practical  for  many  parts. 

A  complete  solution  to  determine  the  defect  size  and  location  can  be  obtained  for  the 
simple  geometric  shape  used  in  this  investigation.  It  is  assumed  that  the  defect  is  located 
in  the  outer  surface  of  the  cylinder  or  at  a  known  distance  below  the  surface.  The  position 
of  the  defect  with  respect  to  the  fiducial  mark  and  the  length  of  the  defect  can  be  deter¬ 
mined  directly  from  the  X-ray  film. 

Using  the  geometric  configuration  shown  in  Figure  44,  the  distance  from  the  centerline  of 
the  tube  axis  (Q)  to  the  defect  can  be  found  as  follows: 


SF  (R'sin  0  +  q.  F’) 

q.  F'  = -  (7) 

SF  -  R  +  R1  cos  0 

where  Cj_  F1  is  the  distance  from  the  inspected  cylinder  axis  projection  on  the  film  to  the 
extremities  of  the  defect. 


SF  is  the  source-to-film  distance  (36  inches) 

R'  is  the  distance  from  the  axis  of  the  cylinders  to  the  defect 
R  is  the  outer  radius  of  the  cylinder 

0  is  the  angle  from  Cj_  to  the  defect,  measured  with  the  cylinder  axis  as  a  center. 


For  a  surface  flaw  R1  =  R.  If  the  cylindei  is  located  off  center  as  shown  in  Figure  44,  the 
equation  is  given  as  r  -i 


"(LB 


SF  (R*  sin  0  +  G  F) 

Q.  F'  = - G  B 

SF  -  R  +  R1  cos  0  (8) 

where  Q.  B  is  the  distance  from  the  normal  to  the  film  surface  to  the  centerline  of  the  tube. 
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FIGURE  43  TYPICAL  INDICATION  OF  CRACK  IN  4330V 
MODIFIED  STEEL, 11.6X 
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A  computer  program  was  set  up  to  solve  these  two  equations.  A  graph  of  centerline  to 
defect  on  film  vs.  circumferential  distance  on  the  tube  is  shown  in  Figure  45.  The  solid 
line  is  for  a  tube  located  directly  in  the  path  of  the  X-rays,  and  the  dotted  line  is  for  a 
tube  located  3  1/2  inches  away. 


Penetrant  Inspection 


The  penetrant  inspection  of  both  the  aluminum  and  steel  cylinders  used  Magnaflux  ZL-2,  a 
commercial  post-emulsifier  penetrant.  This  fluorescent  material  was  viewed  on  the  test 
cylinders  after  the  developing  process  by  irradiation  with  ultraviolet  light.  The  unaided 
eye  was  used  to  inspect  the  cylinders  for  cracks  under  ultraviolet  light.  The  procedure 
followed  normal  production  penetrant-inspection  techniques  (6). 


The  emulsifier,  Magnaflux  ZE-3,  was  applied  in  a  separate  step  immediately  after  applica¬ 
tion  of  the  ZL-2.  This  allowed  the  penetrant  solution  to  be  removed  from  the  surface  of  the 
test  part  but  did  not  affect  the  penetrant  which  had  entered  cracks  and  small  surface  defects. 
The  developer  used  to  enhance  crack  detection  was  Magnaflux  ZP-4  in  dry  form. 


The  penetrant  inspection  area  consisted  of  six  stations:  the  cleaning  and  degreasing  tank,  I 

fenetrant  tank,  emulsifier  tank,  drying  rack,  developer  tank,  and  the  inspection  booth.  f 

he  cylinders  were  prepared  for  penetrant  inspection  first  by  being  thoroughly  cleaned  | 

and  degreased  by  scrubbing  with  a  cloth  saturated  with  acetone.  The  cylinders  were  then 
immersed  in  the  penetrant  (ZL-2)  for  at  least  15  minutes.  After  removal  from  the  pene-  I 

trar.t  tank  (shown  in  Figure  46)  and  draining  off  the  excess  penetrant  solution,  the  test 
parts  were  immersed  in  the  emulsifier  for  2  minutes.  The  residual  emulsion  solution  was 
then  washed  off  with  tap  water.  A  period  of  drying  at  room  temperature  followed,  and 
forced-heated  air  was  applied  when  drying  was  near  completion.  When  the  parts  were 
thoroughly  dry,  they  were  submerged  in  the  dry  developer  compound  for  45  minutes.  "  ' 

'  ,  <  —i 

After  removal  from  the  developer  tank,  the  cylinders  were  carried  to  the  inspection  booth,  '  * : 

where  ultraviolet  light  was  used  to  detect  the  penetrant-filled  cracks.  The  end  points  of  ? 

the  cracks  were  carefully  marked  so  that  the  crack  could  be  located  and  measured  when 
the  ultraviolet  light  was  removed.  The  position  of  the  crack  was  measured  with  the  fix-  l 

ture  shown  in  Figures  38  and  39. 


Surface  defects  such  as  cracks,  scratches,  nicks,  and  pits  could  be  detected  during  inspec¬ 
tion,  as  the  fluorescent-penetrant  provided  a  color  and  brightness  which  contrasted  sharply 
with  the  cylinder  material  while  exposed  to  the  ultraviolet  radiation. 

Magnetic-Particle  Inspection 


This  method  is  suitable  only  for  materials  which  can  be  intensely  magnetized,  such  as 
ferromagnetic  materials.  For  this  reason,  the  aluminum  cylinders,  which  are  non-ferro¬ 
magnetic,  were  not  inspected  by  this  method.  However,  all  the  steel  cylinders  were  in¬ 
spected  by  the  magnetic-particle  method  in  the  laboratory. 

The  procedure  for  inspection  of  the  4330V  Modified  steel  cylinders  uses  a  continuous-field 
technique  in  which  the  magnetic  particles  were  applied  in  a  water  carrier  during  the  mag¬ 
netizing  cycle.  The  magnetic  particles  were  attracted  to  the  pseudo-poles  caused  by 
discontinuities  which  interrupted  or  disturbed  the  magnetic  field  in  the  material.  Magne¬ 
tization  was  retained  in  the  steel  cylinders  for  considerable  time  after  the  magnetizing 
force  was  removed,  thus  necessitating  a  demagnitization  cycle  after  inspection  was  com¬ 
plete.  The  particles  trapped  at  a  discontinuity  caused  the  discontinuity  to  be  clearly 
discernible  wi>en  the  particles  were  irradiated  with  ultraviolet  light. 
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The  cylinders  were  magnetized  by  placing  each  within  a  large  magnetizing  coil  so  that  the 
longitudinal  axis  of  the  cylinder  was  parallel  to  the  axis  of  the  magnetic  field.  When  they 
were  so  placed,  the  fatigue  cracks  were  oriented  at  right  angles  to  the  magnetic  flux  lines, 
thus  yielding  optimum  results.  Figure  47  shows  a  typical  tube  in  the  magnetizing  coil. 

The  cylinders  were  subjected  to  several  short  magnetization  cycles  using  20,000  ampere- 
turns  DC  in  a  unit  capable  of  generating  6000  amperes  DC.  During  the  magnetization 
cycles  fluorescent  magnetic  particles,  Magnaflux  type  20A,  in  a  water  suspension  were 
applied  to  the  cylinder  surface.  The  particle  concentration  in  the  solution  was  0.22  ml 
in  a  100  ml  sample  measured  by  gravitational  settling  in  an  ASTM  graduated  centrifuge  tube. 
The  cylinder  was  then  removed  from  the  coil  and  inspected  with  an  ultraviolet  lamp. 

The  end  points  of  the  cracks  were  marked,  and  the  position  of  the  cracks  were  measured 
with  the  locating  fixture.  When  inspection  was  complete,  the  steel  cylinders  were 
demagnetized  and  washed  to  remove  particle  residue.  Figure  47  shows  a  typical  crack 
indication  obtained  using  this  technique  on  the  4330V  Modified  steel  tubes. 

Equipment  used  by  the  Lockheed-Georgia  production  inspection  personnel  is  similar  with 
respect  to  power  rating;  however,  they  utilize  an  oil-type  suspension  for  the  magnetic  par¬ 
ticles  (Magnaflux  type  10A).  Oil  suspension  is  used  primarily  in  a  production  shop  where 
evaporaticna!  losses  are  of  concern.  This  problem  does  not  exist  in  the  laboratory,  and  the 
water  suspension  system  is  used,  which  reduces  fire  hazards  as  well  as  fumes. 


Ultrasonic  Inspection 


Of  the  four  NDT  methods  used  in  this  program,  the  ultrasonic  method  has  the  greatest 
potential  for  detecting  and  determining  the  extent  of  internal  cracks.  Since  many  varia¬ 
tions  in  technique  and  test  parameters  are  possible,  this  method  also  requires  the  most 
developmental  effort.  The  decision  to  use  a  particular  ultrasonic  techniques  was  made 
after  considering  many  factors,  such  as  shape  of  test  part,  type  of  material,  shape  and  size 
of  suspected  flaws,  location  of  flaws,  and  others.  These  factors  determined  test  parameters 
such  as  mode  of  testing  (immersion  or  contact),  frequency  and  diameter  of  transducer  crys¬ 
tal,  sensitivity  required,  type  of  ultrasonic  wave  to  be  used,  test  fixtures  to  be  constructed, 
and  test  standards  to  be  used. 


Three  ultrasonic  techniques  were  considered: 

o  Immersion,  angle  beam,  pulse-echo  shear  wave. 

o  Contact,  normal  incidence,  pulse-echo  longitudinal  wave, 
o  Contact,  angle  beam,  pulse-echo,  shear-wave. 

In  the  first  technique,  the  test  cylinder  would  be  immersed  in  a  tank  of  water  and  scanned 
with  an  ultrasonic  beam  which  is  inclined  to  the  normal  at  the  cylinder  surface.  The  angle 
of  incidence  would  lie  in  a  plane  which  includes  the  axis  of  the  cylinder.  Scanning  of  the 
test  part  could  be  done  longitudinally  or  circumferentially.  A  holding  fixture  for  precisely 
positioning  and  indexing  the  cylinder  would  be  necessary  for  repeatability  and  reliability 
of  data.  This  technique  can  readily  be  automated  and  affixed  with  a  C-scan  printout  for 
complete  part  coverage.  While  not  used  in  this  program,  this  technique  would  be  recom¬ 
mended  for  production  testing  of  this  type  of  part  because  of  its  fast-scan  capability  and 
potential  accuracy. 

The  normal  incidence  contact  method  would  involve  placing  the  transducer  on  the  rim  of 
the  cylinder  and  directing  the  beam  longitudinally  down  the  cylinder  (a  non-contact  im¬ 
mersion  technique  could  also  be  used).  The  amplitude  of  the  signal  reflected  by  a  crack 
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(CRACK  IS  LOCATED  AT  THE  TOP  ON  A  LINE  WITH  THE 
CENTER  OF  THE  HOLE.) 

TYPICAL  CRACK  INDICATION 


FIGURE  47  NONDESTRUCTIVE  TESTING  OF  4330V  MODIFIED  STEEL  CYLINDER 
BY  MAGNETIC  PARTICLE  METHOD 


would  depend  on  crack  size,  orientation,  and  distance  from  the  transducer.  Multiple 
reflections  between  the  tubing  walls  would  effectively  increase  the  distance  to  the  crack. 
Cutout  holes  in  the  cylinders  could  hinder  defection  of  cracks  and  provide  extraneous 
signals.  Costly  machining  of  the  cylinder  end  surfaces  would  be  necessary  to  provide  a 
smooth  and  normal  contact  surface  for  the  transducer. 

The  angle-beam  contact  method  is  similar  to  the  angle-beam  immersion  method.  A  major 
difference  is  that,  in  the  former,  a  light  oil  is  used  for  a  couplant  rather  than  water,  and 
the  transducer-to-test-part  distance  is  determined  by  use  of  a  lucite  shoe.  In  both  these 
techniques,  the  discontinuity  is  always  observed  at  the  same  distance,  thus  eliminating 
distance  as  a  variable  in  affecting  the  echo  amplitude.  The  ultrasonic  beam  enters  the  test 
cylinder  at  a  fixed  angle,  is  reflected  from  the  inner  wall,  and  continues  to  propagate 
along  the  cylinder  by  periodically  reflecting  from  inner  and  outer  walls,  causing  nodes  and 
antinodes  along  the  surfaces.  The  investigator  can  then  observe  discontinuities  which 
propagate  from  the  outer  surface  at  any  antinode  he  chooses.  The  first  antinode  reflection 
will  usually  provide  the  least  confusion  and  the  most  accuracy. 

This  third  method  was  chosen  as  the  technique  to  be  used  for  crack  detection  and  charac¬ 
terization  in  the  steel  and  aluminum  cylinders  in  this  program.  A  5.0-megacycle,  SFZ- 
type  transducer  with  a  0.250-inch-diameter  lithium-sulphate  crystal  was  selected  be¬ 
cause  of  its  sufficient  sensitivity  and  beam  size  for  crack  detection  and  measurement. 

Some  of  the  cylinders  were  also  inspected  using  a  10.0-megacycle,  SFZ-type  transducer 
to  determine  the  frequency  for  which  the  most  accurate  results  might  be  expected. 

A  lucite  shoe  constructed  to  hold  the  transducer  while  scanning  the  test  cylinders  is  shown 
in  Figure  48.  The  shoe  provides  three  functions:  1)  a  fixed  incident  angle  for  the  beam  im¬ 
pinging  on  the  cylinder,  2)  a  fixed  transducer-to-cylinder  distance,  and  3)  a  larger  con¬ 
tact  surface  between  transducer  and  test  part.  The  shoe  contains  a  flat-bottom  hole  into 
which  the  transducer  was  inserted  along  with  a  few  drops  of  oil  to  assure  transfer  of  energy 
into  the  lucite.  The  lucite  surface  on  which  contact  with  the  cylinder  is  to  be  made  was 
rounded  to  be  compatible  with  the  outer  cylinder  radius  of  curvature.  Oil  is  used  as  a 
couplant  between  the  lucite  and  cylinder  surfaces. 

The  lucite  shoe  provides  a  30-degree  (from  normal)  incident  angle  for  the  ultrasonic  energy 
impinging  on  the  surface  of  the  cylinder.  At  the  interface  between  the  lucite/metal  media, 
the  beam  is  split  into  two  components:  a  longitudinal  wave  and  a  shear  wave.  The  angle  of 
incidence  is  sufficiently  high  for  the  longitudinal  wave  to  be  totally  reflected  at  the  inter¬ 
face,  so  that  only  the  shear  wave  enters  the  test  material.  The  shear  wave  enters  at  an  an¬ 
gle  from  the  normal  of  35  degrees  29min.  for  the  aluminum  cylinders  and  37  degrees  three 
min. for  the  steel  cylinders  (these  angles  are  computed  using  Snell's  law  of  reflection  and 
refraction).  When  a  surface  discontinuity  is  detected,  an  echo  is  obtained  when  the  dis¬ 
continuity  is  0.356  inch  from  the  point  of  beam  incidence  on  the  surface.  Index  marks  on 
the  side  of  the  shoe  were  used  to  locate  the  position  of  the  crack  when  an  echo  was  obtained. 
Index  marks  on  the  front  of  the  shoe  were  also  used  to  determine  location  and  the  end  points 
of  the  crack.  The  shoe  is  shown  being  applied  to  a  test  cylinder  in  Figures  48  and  49. 

The  ultrasonic  generating  and  detecting  equipment  used  in  this  program  has  consisted  of  two 
separate  units:  The  Sperry  UM/700  and  the  UM/715  Reflectoscopes.  The  latter  came  into 
use  when  the  former  equipment  was  repaired.  Essentially  no  difference  in  the  results  was 
obtained  for  either  piece  of  equipment,  but  separate  calibration  curves  were  needed  for 
each.  Figure  49  is  a  photograph  of  the  UM/715  Reflectoscope  and  test  configuration  used 
in  this  program. 
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FIGURE  48  LUCITE  TRANSDUCER  SHOE  IN  PLACE  ON  ALUMINUM 
TEST  CYLINDERS 


FIGURE  49  SPERRY  UM/715  REFLECTOSCOPE  USED  TO  DETECT  CRACKS 
IN  TEST  CYLINDERS 


The  transducer  shoe  can  be  used  to  obtain  reflections  at  a  number  of  locations  along  the  cy¬ 
linder,  depending  or  its  distance  from  the  crack.  In  making  the  measurements,  the  shoe  was 
positioned  at  one  of  two  locations,  designated  Position  A  and  Position  B,  at  specific  distances 
from  the  crack.  These  arc  shown  in  Figure  50.  The  first  reflection,  indicates  the  inte— 
section  of  the  crack  and  the  outer  cylinder  surface  after  reflecting  off  the  inner  surface  of 
the  cylinder.  The  second  reflection  is  measured  at  Position  B  and  is  obtained  when  the  beam 
grazes  the  bottom  edge  of  the  crack  or  is  reflected  from  the  intersection  of  a  deep  crack 
and  the  inner  cylinder  surface.  (The  definitions  of  first  and  second  reflection  are  arbitrary 
and  were  chosen  because  the  first  indication,  or  reflection  from  the  crack  is  obtained  at 
Postion  A). 

The  procedure  used  in  detecting  and  measuring  cracks  was  as  follows:  After  warm-up  of 
equipment,  the  Reflectoscope  response  was  calibrated.  The  standards  used  for  calibration 
were  sections  of  test  cylinders  which  had  saw-cuts  made  to  various  depths  to  simulate  cracks. 
The  cuts  were  made  using  a  0.750-inch-radius  sawbiade  0.05  inch  thick.  The  amplitude 
information  was  obtained  by  placing  the  transducer  near  the  saw  cut  and  positioning  so  that 
a  maximum  amplitude  reflection  was  obtained.  The  \JM/7]5  response  was  adjusted  so  that 
a  saw  cut  0.075  inch  deep  yielded  a  2.5-inch  deflection  on  the  Reflectoscope.  The  de¬ 
flection  heights  from  shallower  saw  cuts  were  then  obtained  and  plotted  to  obtain  a  calibra¬ 
tion  curve.  Typical  Reflectoscope  presentations  are  shown  in  Figure  51  for  the  first  reflec¬ 
tion  and  Figure  52  for  the  second  reflection.  The  position  of  all  knobs  on  the  Reflectoscope 
were  noted  and  were  kept  in  that  position. 

Typical  calibration  curves  for  the  first  and  second  reflections  are  shown  in  Figures  53  and 
54  for  the  aluminum  cylinders  and  in  Figures  55  and  56  for  the  steel  cylinders. 

The  calibration  curves  are  nonlinear,  largely  due  to  the  nonlinear  distribution  of  energy 
in  the  ultrasonic  beam.  Using  the  two  calibration  curves,  the  best  measurement  accuracy 
is  obtained  for  cracks  which  are  less  than  0.070  inch  and  greater  than  0.100  inch  in  depth. 
The  use  of  a  large-diameter  crystal  did  not  appreciably  affect  the  upper  and  lower  limits  of 
the  curves.  Sensitivity  in  detection  of  very  small  cracks  was  reduced  by  using  the  larger 
transducer.  For  these  reasons,  the  0.250-inch-diameter  crystal  was  used. 

The  cylinders  were  then  inspected  ultrasonically  for  discontinuities.  To  enhance  detection, 
the  pulse  length  of  the  beam  was  increased  and  the  transducer  was  moved  longitudinally 
back  and  forth  over  the  suspected  area.  When  a  discontinuity  was  detected,  the  pulse- 
length  was  decreased  to  its  former  calibration  position.  The  maximum  echo  amplitude  re¬ 
sulting  from  the  discontinuity  was  measured  on  the  Reflectoscope  and  compared  to  the  cali¬ 
bration  curve.  By  using  the  index  marks  on  the  transducer  shoe,  the  position  of  the  discon¬ 
tinuity  and  its  end  points  were  marked.  The  locating  fixture  was  then  used  to  obtain  dis¬ 
tance  and  azimuth  information  from  the  marks. 

Measurement  of  Fracture  Surface 

After  the  cylinder  had  been  tested  to  failure,  the  fracture  surface  was  examined.  The  failed 
section  of  the  cylinder  was  placed  on  two  vee  blocks,  one  of  which  had  an  index  mark.  The 
fiducial  mark  on  the  cylinder  was  aligned  with  the  index  mark,  and  angular  displacement  of 
the  crack  was  measured.  The  location  of  the  ends  of  the  crack  was  measured  with  a  scale. 

In  almost  all  cases,  the  location  and  size  of  the  fatigue  crack  was  easy  to  identify.  The  fa¬ 
tigue  cracks  in  the  7075-T6511  Aluminum  tubes  are  bright  and  shiny  in  contrast  to  the  dull 
surface  typical  of  the  tensile  overload  area.  Typical  photographs  of  fracture  surfaces  from 
the  failed  7075-T6511  Aluminum  tubes  are  shown  in  Figures  57  through  60.  In  all  cases,  a 
typical  "thumbnail"  or  "clamshell"  shape  is  observed.  The  crack  lengths  measured  on  the 
failure  surfaces  vary  from  0.05  to  0.34  inch.  The  crack  depths  vary  from  0.02  to  0. 16inch. 
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(A)  SCHEMATIC  SKETCH  OF  SCOPE  DISPLAY 
SHOWING  FIRST  &  SECOND  REFLECTIONS 


POS  B  POS  A 


(B)  SKETCH  SHOWING  POSITION  OF  LUCITE  SHOE  FOR 
FIRST  &  SECOND  REFLECTIONS 


FIGURE  50  POSITIONS  OF  FIRST  AND  SECOND  REFLECTIONS  DUE  TO 
CRACK  INDICATIONS  (A)  ON  SCOPE  (B)  LOCATION  OF 
LUCITE  SHOE 
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(A)  1ST  REFLECTION  0.075"  DEEP 


FIGURE  51 

REFLECTOSCOPE  PRESENTATIONS 
OF  DEFECT  INDICATION  FROM 
CALIBRATED  SPECIMENS 
(7075-T651 1  ALUMINUM) 

1ST  REFLECTION 


(B)  1ST  REFLECTION  0.030"  DEEP 


(C)  1ST  REFLECTION  0.012"  DEEP 
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FIGURE  52  REFLECTOSCOPE  PRESENTATIONS  OF  DEFECT  INDICATIONS 
FROM  CALIBRATED  SPECIMENS  (7075-T651 1  ALUMINUM) 
2ND  REFLECTION 


ULTRASONIC  AMPLITUDE  OF  REFLECTED  PEAK 
(SCALE  DIVISIONS) 


0  0.01 


APPROXIMATE  LIMIT  OF 
DEPTH  DISCRIMINATION 


DEPTH  OF  ARTIFICIAL  FLAW  (INCHES) 


FIGURE  53  CALIBRATION  CURVE  FOR  FIRST  REFLECTION  FROM 

ARTIFICIAL  FLAWS.  7075-T6511  ALUMINUM  CYLINDERS 


IN  4330V  MODIFIED  STEEL  CYLINDERS  (220-240  KSI  HEAT  TREAT  CONDITION) 


FIGURE  59  FRACTURE  SURFACE  OF  FAILED  7075-T6511  ALUMINUM  TEST 
CYLINDER.  FATIGUE  CRACK  IS  0. 155  INCHES  LONG, 
0.085  INCHES  DEEP 


FIGURE  60  FRACTURE  SURFACE  OF  FAILED  7075-T6511  ALUMINUM  TEST 
CYLINDER.  FATIGUE  CRACK  IS  0.34  INCHES  LONG,  0.165 
INCHES  DEEP 


Examination  of  the  fracture  surfaces  of  the  heat-treated  4330V  Modified  steel  tubes  shows  two 
distinctly  different  crack  surfaces.  Figure  61  shows  a  typical  fracture  surface  for  a  fatigue 
crack  produced  in  the  specimen  prior  to  heat-treating.  The  following  four  disi inct  areas  can 
be  seen  and  identified: 

1.  The  cracking  in  the  micro-weld  solidification  area.  This  is  a  small  (0.030  inch  dia¬ 
meter)  semicircular  section  showing  a  rough  surface  with  several  short  peninsulas  of 
solidified  metal  extending  outward  from  the  center  of  the  solidification  area.  The  sur¬ 
faces  have  been  stained  by  oxidation  during  the  heat-treatment. 

2.  The  fatigue-cracked  areas  extends  in  a  semicircular  area  from  the  micro-weld  cracked 
area.  This  area  was  also  stained  during  the  heat-treatment. 

3.  The  flat  fracture  area  starts  from  the  fatigue  crack  area.  This  is  shown  in  Figure  61  by 
a  dull  area  lighter  in  color  than  the  fatigue-precracked  surface. 

4.  The  shear  areas  are  on  the  inner  and  outer  surfaces  of  the  tube. 

In  contrast  to  the  specimens  fatigue-precracked  prior  to  heat- treatment,  the  specimens  fa- 
tigued-prec racked  after  heat-treatment  do  not  show  a  sharply  defined  fatigue  area.  Figure 
6? shows  the  typical  fracture  surface  obtained  from  a  specimen  tested  to  failure  with  pre¬ 
cracking  after  heat- treatment.  The  micro-weld  cracking  is  seen  as  fhe  inner  section.  The 
fatigue-cracked  area  is  concentric  with  the  weld-cracked  area.  There  appears  to  be  c  small 
"ridged"  area  separating  the  fatigue  crack  from  the  tensile  overload  fracture  surface.  (This 
has  been  accented  by  the  lighting  in  the  photograph). 

The  fracture  surfaces  of  tubes  tested  to  failure  without  prior  fatigue  precracking  were  also 
examined.  These  specimens  were  used  to  determine  the  ultimate  tensile  strength  and  yield 
strength  of  the  cylinders. 

Figure  63  shows  the  fracture  surface  of  a  4330V  Modified  steel  cylinder  that  was  assumed  to 
be  free  of  defects.  The  photograph  shows  staining  and  a  thumbnail  crack.  The  shape  of  the 
natural  crack  in 4330V  Modified  steel  is  much  flatter  than  those  produced  by  fatiguing 
(Figures  61  through  69).  Several  features  of  the  natural  crack  are  similar  to  the  fatigue- 
initiated  cracks.  In  particular,  there  was  a  stained  area  indicating  that  the  cracking  oc¬ 
curred  before  heat-treating  or  during  the  heat-treat  cycle.  The  staining  was  not  as  marked 
as  in  the  fatigue  cracks,  indicating  that  the  natural  crack  is  tighter  than  those  produced 
by  fatigue.  The  cracking  occurred  on  the  outer  surface  and  was  the  site  from  which  the  ten¬ 
sile  failure  initiated. 

Typical  photographs  of  fracture  surfaces  from  the  failed  4330V  Modified  steel  cylinders  are 
shown  in  Figures  64  through  69. 

Experimental  Results,  Non-Destructive  Testing 

Introduction 

For  each  of  the  200  specimens  used  in  the  test  program,  the  crack  length,  location  and  orien¬ 
tation  were  measured  .  Using  Figure  40  as  a  guide,  measurements  of  the  crack  location  from 
the  indexed  end  of  the  tube  were  taken  and  called  and  The  orientation  of  the  crack 

with  respect  to  the  fiducial  mark  were  also  taken,  and  were  called  and  ©2*  The  crack 
length  could  be  calculated  from  these  measurements  as  follows: 
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FIGURE  61  FRACTURE  SURFACE  OF  FAILED  4330V  MODIFIED  STEEL  CYLINDER 
FATIGUE  CRACKED  PRIOR  TO  HEAT  TREATMENT 
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FIGURE  62  FRACTURE  SURFACE  OF  FAILED  4330V  MODIFIED  STEEL  CYLINDER 
FATIGUE  CRACKED  AFTER  HEAT  TREATMENT 
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FIGURE  63  FRACTURE  SURFACE  OF  4330V  MODIFIED  STEEL  TUBE.  NO  PRIOR 
FATIGUE  PRECRACKING.  AREA  SHOWS  NATURAL  CRACK. 
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FIGURE  64  FAILURE  ORIGIN  OF  4330V  MODIFIED  STEEL 
CYLINDER  NUMBER  S-43  (7X) 
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FIGURE  66  FAILURE  ORIGIN  OF  4330V  MODIFIED  STEEL 
CYLINDER  NUMBER  S-33  (7X) 


FIGURE  67  FAILURE  ORIGIN  OF  4330V  MODIFIED  STEEL 
CYLINDER  NUMBER  S-55  (7X) 


96 


Si 


2c  (NOT)  -  J  (r  9,  -  r  «2)2  +(<’,  -  ^2)2  P) 

where  r  is  the  outside  radius  of  the  cylinder. 

The  location  of  the  ends  of  the  cracks  fy  and  ®j/®2  are  measure^  directly,  as 

(NDT),  ?2(NDT),  9,(NDT),  92 (NDT)  . 

The  (NDT)  refers  to  each  of  the  particular  methods  used  to  inspect  the  cylinders,  i.e.,  X- 
ray,  penetrant,  magnetic-particle,  ultrasonics. 


The  sensitivity  or  capability  to  defect  flaws  S(NDT) 
to  the  following  equation 

Nf  (NDT) 

S(NDT)  =  -I - 

N 


for  each  method  is  calculated  according 


(10) 


where 

1.  N^(NDT)  is  the  number  of  flaws  detected  on  the  test  cylinders  by  the  specified  method. 

2.  N  is  the  number  of  flaws  .detected  on  the  failed  cylinders. 

This  can  be  expressed  as  the  percent  of  flaws  that  were  found. 

The  accuracy  of  each  method,  A^py,  to  determine  the  size,  2c,  of  flaws  in  each  of  the 
two  materials  is  calculated  according  to  the  following  equation: 


i  =  Nf  (NDT) 

^NDT  — r 

Nf  (NDT)  “ 

?  =  1 

where 

1.  2c  is  the  NDT  estimate  of  the  flaw  size. 

2.  2c  is  the  true  value  of  the  flaw  size  measured  on  the  failed  specimens. 

3.  Nf(NDT)  is  rne  total  number  of  flaws  detected  by  the  method  in  the  test  cylinders. 

Similarly,  the  accuracy  of  each  method  in  determining  the  (!)  and  (9)  of  flaws  will  be  cal¬ 
culated  according  to  the  following  equations,  respectively 


ANDT^  " 


Nf(NDT) 


ANDT*0)  ~ 


Nf  (NDT) 


i  =  Nf(NDT) 

L 

i  =  1 

i  =  Nf(NDT) 

L 

i  =  1 


i- 

^NDT  "  *1 

i 

r 

/\  i 

®NDT  Ql 

i- 

9 

and,  (12) 


•j  i 


(13) 


J  i 
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where 

A  A 

*  nDT1'  i’NDT  are  estimates  of  the  flaw  location  and  orientation. 

2.  9,  !  are  the  true  values  of  the  fl  i  /  location  measured  on  the  fracture  surface  of  the 
cylinders. 

3.  N|:(NDT)  is  the  total  number  of  flaws  detected  in  the  cylinders  by  the  method. 


•’  addition,  the  overall  reliability  index  of  each  NDT  method  R(NDT)  will  be  calculated 
according  to  the  following  equation  for  each  material: 


R(NDT)  = 


NDT 


'NDT 


(6) 


S(NDT) 


ANDT  ^ 

S(NDT)  is  the  method's  sensitivity 
ANDT^  's  me^°^  s  accuracy  to  determine  crack  size 


where: 


'NDT 

W 


(!) 

W) 


are  the  method's  accuracy  to  determine  crack  location. 


(14) 


Reliability  or  reliability  index  should  not  be  construed  to  mean  reliability  in  its  usual  strict 
mathematical  definition. 

Accuracy  and  reliability  are  expressed  as  a  dimen: i unless  quantity  between  0  and  1 . 


Grouping  within  ranges  of  crack  sizes  (2c)  was  chosen  as  the  most  appropriate  means  of 
data  analysis.  Eleven  sets  of  crack  ranges  were  chosen  (Tables  XII  and  XIII .  These  start 
with  specimens  containing  no  crack  and  increase  in  0.050-inch  increments  as  follows: 


No  Crack,  0.001-0.050,  0.051-0.100,  0.101-0.150,  0.151-0.200,  etc. 

NDT  Results  -  7075-T6511  Aluminum  Cylinders 

The  experimental  results  of  the  NDT  inspection  of  the  7075-T6511  Aluminum  cylinders  are  . 
shown  in  Figures  70  through  81  and  are  summarized  in  Table  XII.  Figure  70  shows  the  sensi¬ 
tivity  of  the  X-ray  inspection.  The  results  indicate  that  this  method  is  extremely  poor  in 
detecting  cracks  in  the  cylinders  until  the  crack  size  is  over  0.45  inch  long.  About  83% 
of  the  cracks  could  be  detected  at  that  crack  size.  It  is  interesting  to  note  that  X-ray  in¬ 
spection  gave  some  spurious  information  regarding  the  existence  of  cracks  in  specimens  that 
did  not  show  any  cracks  on  the  fracture  surface.  Approximately  7%  of  the  specimens  were 
identified  as  having  cracks  when  no  cracks  could  be  found  on  the  railed  surface. 

Figure  71  shows  the  sensitivity  of  the  penetrant  system.  The  sensitivity  is  greater  than  that 
found  for  the  same  cylinders  inspected  by  X-ray  and  show  that,  for  crack  sizes  above  0.25 
inch,  100%  of  the  cracks  present  should  be  detected.  The  sensitivity  drops  to  below  40% 
for  cracks  less  than  0.15  inch  long,  and  the  method  cannot  detect  cracks  below  0.05  inch 
long. 

Figure  72  shows  the  sensitivity  obtained  on  the  ultrasonic  tests.  Agair.  ■'e  can  expect  to 
detect  all  of  the  cracks  that  are  over  0.25  inches  long.  In  contrast  to  .  ,  penetrant  and 
X-ray  results,  the  sensitivity  of  the  ultrasonic  method  does  not  decrease  as  rapidly  in  the 
small  crack  sizes.  Over  60%  of  the  cracks  in  the  0.10  to  0. 15-inch  range  wer  detected 
by  this  method. 
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TABLE  XII 

RELIABILITY  INDICES  FOR  NDT  INSPECTION  OF  ALUMINUM  CYLINDERS 


CRACK  SENSITIVITY,  PERCENT 


CRACK  SENSITIVITY,  PERCENT 


Due  to  the  extremely  poor  sensitivity  of  the  X-ray  method,  it  was  decided  not  to  measure 
the  accuracy  of  the  crack  length  or  crack  location  obtained  using  X-rays. 

It  is  interesting  to  note  in  Figures  73  and  74  that  the  accuracy  of  the  crack  length  is  higher 
using  penetrant  than  using  ultrasonics.  The  penetrant  accuracy  of  crack  length  varied 
between  0.75  and  0.92,  while  only  one  crack  size  range  (0.05  to  0.10  inchi  was  poor  and 
gave  an  accuracy  of  0.25.  The  ultrasonic  measurements  accuracy  was  relatively  constant, 
varying  between  0.65  and  0.75  for  all  crack  ranges  from  0.05  to  0.50  inches.  No  measure¬ 
ments  could  be  obtained  on  specimens  containing  cracks  smaller  than  0.050  inch. 

The  accuracy  of  the  crack  location  by  penetrant  is  shown  in  Figures  75  and  76.  In  all  cases, 
the  accuracy  of  location  f  is  greater  than  0.98,  and  the  accuracy  of  0  is  higher  than  0.92. 

It  appears  that,  once  the  crack  is  found  by  the  penetrant,  one  can  be  extremely  sure  that 
the  indication  occurs  there  and  not  at  some  other  point. 

Figures  77  and  78  show  the  accuracy  of  the  crack  location  $  and  0,  obtained  by  ultrasonics. 
Again,  all  accuracies  are  greater  than  0.95  for  i  and  greater  than  0.92  for0.  It  is  inter¬ 
esting  to  note  that  the  lowest  accuracy  of  0  obtained  was  on  cracks  in  the  size  range  of 
0.45  to  0.50  inch.  This  can  be  seen  in  both  the  penetrant  and  ultrasonic  measurements. 

Figures  79  and  80  and  Table  XII  give  the  results  of  the  reliability  index  for  each  of  the  NDT 
inspection  methods  used  on  the  7075-T6511  cylinders.  The  reliability  index  of  X-rays  was 
obtained  only  from  the  sensitivity  and  is  included  only  for  comparison. 

The  highest  reliability  index  obtained  was  0.88.  This  shows  that  the  reliability  that  can  be 
placed  on  NDT  is  poor  at  present.  Several  conclusions  can  be  drawn  from  the  data  presented 
in  Figure  81  and  Table  XII. 

Figure  81  is  a  comparison  plot  of  the  reliability  index  for  each  of  the  three  NDT  methods 
used  in  the  experimental  program.  It  is  evident  that,  in  the  small  crack  sizes  from  0.001  to 
0.20  inch,  all  NDT  methods  have  a  low  reliability  index.  No  values  greater  than  0.55  were 
obtained  from  any  method  in  this  crack  size  range,  although  the  ultrasonics  method  was  better 
than  the  penetrant  and  X-ray  methods.  This  would  indicate  that  the  best  potential  method 
for  detecting  small  cracks  would  be  ultrasonics.  In  the  intermediate  crack  size  range  from 
0.20  to  0.45  inch,  the  penetrant  method  is  superior  to  both  the  ultrasonic  and  X-ray  methods. 
This  is  surprising,  since  both  the  ultrasonic  and  penetrant  methods  increase  their  reliability 
index  in  this  range. 

X-ray  is  an  extremely  reliable  method  for  large  defects,  such  as  porosity  in  castings,  in¬ 
clusion  and  stringers,  lack  of  fusion  in  weld  zones,  and  other  cases  where  the  defect  size 
may  exceed  0.5  inch. 

NDT  Results,  4330V  Modified  Steel  Cylinders 

The  experimental  results  obtained  from  the  NDT  inspection  of  the  4330V  Modified  steel 
cylinders  are  shown  in  Figures  82  to  98  and  summarized  in  Table  XIII. 

Figures  82  to  85  show  the  sensitivity  of  the  four  NDT  methods  in  detecting  fatigue  cracks. 

The  sensitivity  of  the  X-ray  method  in  detecting  the  cracks  is  poor.  The  method  is  not  able 
to  detect  more  than  50%  of  the  cracks  even  though  the  crack  length  is  over  0.45  inch.  No 
consistent  pattern  for  X-ray  sensitivity  variation  with  crack  length  could  be  detected. 

The  sensitivity  of  the  penetrant  system  is  shown  in  Figure  83.  The  sensitivity  is  greater  than 
that  found  for  the  X-ray  method  of  the  same  cylinders.  For  crack  sizes  above  0.35  inch, 
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FIGURE  75  -  ACCURACY  OF  CRACK  LOCATION,  f  ,  DYE  PENETRANT 
ALUMINUM  CYLINDERS 
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ACTUAL  CRACK  LENGTH,  2c,  INCH 


FIGURE  78  -  ACCURACY  OF  CRACK  LOCATION  ANGLE,  6  ,  ULTRASONICS 
ALUMINUM  CYLINDERS 
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ACTUAL  CRACK  LENGTH,  2c,  INCH 


FIGURE  80  RELIABILITY  INDEX,  ULTRASONICS  -  ALUMINUM  CYLINDERS 
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FIGURE  81  COMPARISON  OF  3  NDT  METHODS  ON  RELIABILITY  OF  FLAW 
INDICATIONS  IN  ALUMINUM  CYLINDERS 
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CRACK  SENSITIVITY,  PERCENT 


100%  of  the  cracks  were  detected.  The  sensitivity  increases  from  22%  for  cracks  0.05  inch 
long  to  a  maximum  of  78%  as  the  crack  size  increases  to  0.30  inch.  There  is  a  drop  in  sen¬ 
sitivity  in  the  crack  size  range  from  0.30  to  0.35  inch. 

Figure  84  shows  the  sensitivity  of  the  magnetic  particle  method.  This  method' consistently 
exhibits  a  high  sensitivity  in  all  crack  sizes  above  0.05  inch.  For  cracks  in  the  size  range 
of  0.10  to  0.30  inch,  about  90%  of  the  cracks  were  detected.  For  cracks  larger  than  0.30 
inch,  100%  were  detected.  As  was  expected,  the  sensitivity  dropped  as  the  crack  size  de¬ 
creased. 

The  ultrasonic  sensitivity  is  shown  in  Figure  85.  The  sensitivity  increases  from  22%  at  small 
crack  sizes  to  100%  for  cracks  larger  than  0.20  inch.  There  is  a.  drop  in  sensitivity  in  the 
crack  range  from  0.30  to  0.35  inch.  This  may  be  due  to  the  particular  combination  of 
transducer  size  and  operating  frequency.  However,  the  ultrasonic  method  appears  to  be 
sensitive  in  all  of  the  crack  sizes  investigated. 

Because  of  the  poor  sensitivity  of  the  X-ray  method,  it  was  also  decided  not  to  measure  the 
accuracy  of  the  crack  length  and  crack  location  of  the  steel  specimens. 

Figures  86  to  88  show  the  accuracy  of  the  indicated  crack  length  obtained  using  penetrant, 
magnetic-particle,  and  ultrasonic  inspection  methods.  For  crack  lengths  from  0.20  to  0.50 
inch,  both  penetrant  and  magnetic  particle  methods  are  approximately  equal  in  accuracy. 
However,  magnetic-particle  accuracies  are  less  erratic  than  the  penetrant  accuracies.  The 
penetrant  accuracy  drops  to  0.55  for  cracks  in  the  0.40  to  0.45  inch  range.  Penetrant  in¬ 
spection  appears  superior  to  magnetic-particle  inspection  in  the  0. 10  to  0. 15  inch  range. 
This  result  appears  to  be  accidental,  since  the  magnetic-particle  method  shows  higher  ac¬ 
curacies  for  other  crack  sizes.  The  ultrasonic  crack  length  accuracies.  Figure  88,  appear 
to  be  the  most  consistent  over  the  entire  crack  size  range.  No  accurate  indications  were 
found  for  cracks  less  than  0.05  inch.  For  crack  lengths  greater  than  0.05  inch,  the  ac¬ 
curacy  of  crack  indication  increases  to  0.66. 

The  accuracy  of  crack  location  by  penetrant  is  shown  in  Figures  89  and  90.  In  all  cases 
the  accuracy  of  location  /  is  greater  than  0.98;  the  accuracy  of  0  decreases  as  the  crack 
length  increases.  Figure  90  shows  that  the  decrease  in  accuracy  is  continuous  as  the  crack 
length  increases. 

Figures  91  and  92  show  the  accuracy  of  crack  location  fand  0  obtained  using  the  magnetic- 
particle  method.  This  method  appears  to  have  a  high  accuracy.  The  accuracies  are  greater 
than  0.995  for  location  ! ,  and  vary  from  0.95  to  0.99  for  0.  The  accuracy  of  0  remains 
essentially  Ihe  same  throughout  the  whole  crack  size  range  and  does  not  decrease  for  in¬ 
creasing  crack  sizes  as  much  as  do  the  penetrant  accuracies. 

The  accuracy  of  the  crack  location  by  ultrasonics  is  shown  in  Figures  93  and  94.  The 
accuracy  of  location  l  is  high,  over  0.99  for  most  crack  sizes.  The  accuracy  of  0  is  erratic, 
varying  from  0.92  to  0.99  with  a  slight  decrease  in  accuracy  as  the  crack  size  increases. 

Figures  95  to  98  and  Table  XIII  summarize  the  results  of  the  reliability  indices  for  each  of 
the  NDT  methods  used  to  inspect  the  4330V  Modified  steel  cylinder.  The  highest  reliability 
index  obtained  was  0.83.  The  results  show  that  NDT  techniques  must  be  improved  if  they 
are  to  be  used  in  conjunction  with  an  FM  analysis. 

Figure  98  shows  a  comparison  of  the  reliability  index  of  all  four  NDT  methods  used  on  the 
4330V  Modified  steel  cylinders.  No  definite  trends  are  evident,  since  the  results  overlap 
each  other.  However,  several  interesting  conclusions  can  be  drawn.  It  can  be  seen  that 
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FIGURE  84  SENSITIVITY  OF  MAGNETIC  PARTICLE  METHOD  -  STEEL  CYLINDERS 
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FIGURE  86  ACCURACY  OF  CRACK  LENGTH,  2c,  DYE  PENETRANT  - 

STEEL  CYLINDERS 
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ACCURACY  INDEX 


FIGURE  87  ACCURACY  OF  CRACK  LENGTH,  2c,  MAGNETIC  PARTICLE  - 
STEEL  CYLINDERS 
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FIGURE  88  ACCURACY  OF  CRACK  LENGTH,  2c,  ULTRASONICS  - 
STEEL  CYLINDERS 
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FIGURE  92  ACCURACY  OF  CRACK  LOCATION  ANGLE,  6, 
MAGNETIC  PARTICLE  -  STEEL  CYLINDERS  - 
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FIGURE  93  ACCURACY  OF  CRACK  LOCATION,  f, 
ULTRASONICS  -  STEEL  CYLINDERS 
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ACTUAL  CRACK  LENGTH,  2c,  INCH 


FIGURE  98  COMPARISON  OF  4  NDT  TECHNIQUES  ON  RELIABILITY 
OF  FLAW  INDICATIONS  IN  STEEL  CYLINDERS 
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all  methods  are  inherently  poor  in  the  comparatively  small  crack  sizes.  As  with  the  7075—  i 
T6511  Aluminum,  the  ultrasonic  method  appears  slightly  more  reliable  in  the  crack  size 
range  from  0.05  to  0.15  inch.  However,  the  magnetic-particle  method  has  a  higher 
reliability  index  for  all  other  crack  sizes. 

The  ultrasonic  method  shows  a  drop  in  reliability  index  as  the  crack  size  increases  beyond 
0.25  inch.  This  may  be  due  to  the  choice  of  transducer  size  and  operating  frequency. 

NDT  Crack-Size  Indications 


The  calculations  given  in  Tables  XIV  and  XV  do  not  present  a  complete  description  of  the 
NDT  method  capabilities.  The  accuracy  tabulations  are  based  on  the  measurements  from 
those  specimens  containing  cracks  that  were  found  to  be  in  a  particular  crack-size  range. 

If  a  particular  NDT  method  always  overestimated  the  crack  size,  the  accuracy  tabulation 
would  be  low,  particularly  if  the  estimate  were  of*  by  more  than  0.05  inch,  for  this  would 
then  be  out  of  the  crack  range. 

Hence,  it  was  decided  to  determine  the  range  of  actual  crack  lengths  that  would  be  indi¬ 
cated  by  a  particular  crack  length  indication  obtained  from  each  NDT  method.  The  actual 
measured  crack  sizes  would  then  give  the  error  of  the  NDT  method  for  that  particular  crack- 
size  range.  Table  XIV  shows  the  mean,  minimum  and  maximum  crack  lengths  measured  on 
the  fracture  surfaces.  A  single  parentheses  (XXXX),  indicates  that  the  mean  value  of  the 
actual  crack  lengths  is  greater  than  the  crack-length  range  as  indicated  by  the  NDT  method. 
This  notation  indicates  when  the  NDT  method  underestimates  the  length  of  the  crack.  A 
double  parentheses  ((XXXX1)  indicates  that  the  mean  value  of  the  actual  crack  length  is 
less  than  the  crack-length  range  as  indicated  by  the  NDT  method.  Hence,  this  notation 
shows  when  the  NDT  method  overestimates  the  length  of  the  crack. 

Table  XIV  shows  that  the  penetrant  method  underestimates  the  length  of  the  crack  in  5  out 
of  the  10  crack-length  ranges  for  the  7075-T6511  Aluminum  cylinders.  The  ultrasonic 
method  underestimates  the  size  of  the  crack  in  9  out  of  10  crack-length  ranges. 

In  the  4330V  Modified  steel  cylinders,  the  penetrant  method  overestimates  the  crack  length 
in  4  out  of  10  crack-length  ranges  and  underestimates  the  length  in  4  of  the  remaining.  The 
magnetic-particle  method  overestimates  the  crack  length  for  large  cracks  and  underestimates 
the  crack  length  for  the  small  cracks.  The  ultrasonic  appears  to  yield  the  same  results;  i.e., 
it  overestimates  the  large  cracks  and  underestimates  the  small  cracks. 


Production  NDT,  Experimental  Results 


It  has  been  mentioned  in  the  introduction  that  the  aluminum  and  steel  cylinders  were  in¬ 
spected  by  production  inspection  whenever  time  permittVci.  There  was  no  way  of  knowing 
prior  to  the  failure  testing  which  cylinders  contained  the  crack  lengths  of  interest,  and 
hence  no  method  or  pre-selecting  those  cylinders  that  should  be  inspected  by  production 
that  would  contain  an  adequate  sampling  of  crack  lengths.  This  difficulty  was  not  encoun¬ 
tered  in  laboratory  inspection  since  100%  of  the  tubes  were  subjected  to  laboratory  NDT. 

Thus  it  is  to  be  expected  that  the  results  of  the  production  inspection  are  not  complete. 

This  is  true  particularly  where  it  is  felt  that  an  insufficient  number  of  specimens  containing 
cracks  were  included  in  any  one  crack  length  range.  The  production  inspection  results  are 
given  only  in  terms  of  sensitivity. 


TABLE  XIV 

ACTUAL  CRACK  SIZES  COMPARED  TO  THOSE  INDICATED  BY  NDT 


Crack  size  range 

Mean 

Maximum 

Minimum 

as  indicated  by 

crack  length 

crack  length 

crack  length 

NDT  (Inches) 

actual  (Inches)  actual  (Inches) 

actual  (Inches) 

7075-T651 1  ALUMINUM  CYLINDERS 

Penetrant 

0  -0.05 

(0.1262) 

0.2358 

0.0524 

0.05-0.10 

(0.1517) 

0.1900 

0.1052 

0.10-0.15 

(0.1792) 

0.2479 

0.1792 

0.15-0.20 

0.1825 

0.2665 

0.0913 

0.20-0.25 

(0.3151) 

0.3621 

0.2422 

0.25-0.30 

0.2699 

0.3297 

0.7844 

0.30-0.35 

0.3357 

0.3577 

0.3142 

0.35-0.40 

0.3862 

0.4284 

0.3440 

0.40-0.45 

0.4153 

0.4610 

0.3475 

0.45-0.50 

(0.5356) 

0.6042 

0.4232 

Ultrasonics 

0  -0.05 

(0.1327) 

0.2116 

0.0524 

0.05-0.10 

(0.1470) 

0.2620 

0.0698 

0.10-0.15 

(0.2094) 

0.2895 

0.1309 

0.15-0.20 

(0.2810) 

0.3440 

0.1313 

0.20-0.25 

(0.2946) 

0.4219 

0.1324 

0.25-0.30 

(0.3611) 

0.5768 

0.2422 

0.30-0.35 

(0.4249) 

0.4978 

0.3142 

0.35-0.40 

0.3874 

0.4307 

0.3440 

0.40-0.45 

(0.4618) 

0.5761 

0.3475 

0.45-0; 50 

(0.6042) 

— 

— 

4330V  MODIFIED  STEEL  CYLINDERS 

Penetrant 

0  -0.05 

(0.1797) 

0.05-0.10 

— 

— 

— - 

0.10-0.15 

(0.1726) 

0.2618 

0.1047 

0.15-0.20 

(0.2142) 

0.2880 

0.1306 

0.20-0.25 

(0.2762) 

0.4460 

0.1052 

0.25-0.30 

((0.2451)) 

0.3148 

0.1324 

0.30-0.35 

((0.2674)) 

0.3937 

0.1574 

0.35-0.40 

((0.3677)) 

— 

- - 

0.40-0.45 

((0.3938)) 

— 

— — 

0.45-0.50 

0,4780 

0.5260 

0.4200 

(continued) 
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TABLE  XIV  (CONTINUED) 


Crack  size  range 
as  indicated  by 
NDT  (Inches) 


Mean 

crack  length 
actual  (Inches) 


Maximum 
crack  length 
actual  (Inches) 


Minimum 
crack  length 
actual  (Inches) 


4330V  MODIFIED  STEEL  CYLINDERS  (CONTINUED) 


Magnetic  Particle 


0  -0.05 

(0.1776) 

0.2880 

0.1000 

0.05-0.10 

(0.1500) 

0.1500 

0J500 

0.10-0.15 

((0.1381)) 

0.1584 

0.-200 

0.15-0.20 

0.1799 

0.2880 

0.1052 

0.20-0.25 

0.2126 

0.3938 

0.0700 

0.25-0.30 

0.2720 

0.4460 

0.1047 

0.30-0.35 

((0.2820)) 

0.4990 

0.1300 

0.35-0.40 

0.3561 

0.4722 

0.2618 

0.40-0.45 

((0.3144)) 

— 

— 

0.45-0.50 

((0.4995)) 

0.5260 

0.4729 

Ultrasonics 


0  -0.05 

(0.1540) 

0.3406 

0.1000 

0.05-0.10 

(0.1396) 

0.1836 

0.0700 

0.10-0.15 

(0.2120) 

0.4722 

0.1309 

0.15-0.20 

(0.2279) 

0.3938 

0.1206 

0.20-0.25 

(0.2829) 

0.4200 

0.1309 

0.25-0.30 

(0.3625) 

0.5260 

0.2618 

0.30-0.35 

(0.4210) 

0.4729 

0.3440 

0.35-0.40 

(0.4990) 

— 

— 

0.40-0.45 

((0.3365)) 

— 

— 

0.45-0.50 

((0.2880)) 

— 

— 

•$ 

\ 


A  double  parentheses  ((XXXX))  indicates  that  the  mean  value  of  the  actual 
crack  length  is  less  than  the  crack-length  range  as  indicated  by  the  NDT  method. 


The^roduction  sensitivity  results  are  shown  in  Table  XV.  The  second  column  shows  rhe 
ratio  of  the  number  of  cracks  found  by  production  inspection  divided  by  the  total  number  of 
specimens  containing  cracks  in  that  crack  length  range  that  were  inspected  by  production. 

Those  numbers  in  braces  are  based  on  a  total  of  3  specimens  or  less.  For  comparison  the 
sensitivity  of  the  laboratory  NDT  is  shown  in  the  adjacent  column. 

The  results  show  that  production  inspection  of  7075-T651 1  Aluminum  cylinders  is  as  sensitive 
as  laboratory  inspection  for  the  detection  of  crack  lengths  in  the  0.20  to  0.50  inch  range. 
Laboratory  sensitivities  are  higher  for  small  cracks.  Production  in  penetrant  inspection  of 
4330V  Modified  steel  cylinders  appears  to  be  as  sensitive  as  laboratory  penetrant  inspection 
for  all  crack  lengths  examined.  The  sensitivity  of  the  production  penetrant  inspection  of 
4330V  Modified  steel  in  the  small  crapk  lengths  (0.05  to  0.30  incn)  appears  to  be  as  good 
or  better  than  laboratory  inspection.  However/  these  results  are  inconclusive  due  to  the 
small  number  of  cylinders  inspected  by  production. 

Production  magnetic-particle  inspection  of  4330V  Modified  steel  cylinders  appears  equiva¬ 
lent  to  laboratory  inspection  for  crack  lengths  over  0.25  inch.  Both  techniques  can  detect 
100%  of  the  cracks  in  this  length  range.  For  small  cracks,  laboratory  sensitivity  is  slightly 
supe/ior. 

Many  steel  specimens  were  inspected  by  Eddy  current  techniques  to  determine  if  this  method 
would  be  superior  to  ultrasonic  inspection.  These  results  are  tabulated  in  Table  XVI.  Lab¬ 
oratory  eddy-current  inspection  is  as  sensitive  as  laboratory  ultrasonic  inspection  in  detect¬ 
ing  cracks  0.20  inch  long  or  longer.  Both  techniques  can  detect  100%  of  the  cracks  in  this 
range.  For  small  cracks  from  0.05  to  0.20  inch  long,  the  ultrasonic  method  appears 
superior. 


NDT  Inspection-Conclusions 


The  results  obtained  from  NDT  inspection  of  the  fatigue  cracked  cylinder  can  be  summarized 
as  follows: 

o  The  reliability  of  the  NDT  needs  to  be  improved.  No  reliability  index  over  0.90  was 
obtained. 

o  For  7075-T6511  Aluminum  cylinders  containing  surface  fatigue  cracks,  the  order  of 
preference  for  the  NDT  would  be: 

crack  length  less- than  0.20  inch 

1 .  ultrasonics 

2.  penetrant 

3.  X-ray 

crack  length  0.20  to  0.50  inch 

1 .  penetrant 

2.  ultrasonics 

3.  X-ray 

o  For  4330V  Modified  steel  cylinders  containing  surface  fatigue  cracks,  the  order  of  pre¬ 
ference  for  the  NDT  would  be: 

-  crack  length  less  than  0.15  inch 

1 .  ultrasonics 

2.  magnetic-particle 

3.  penetrant 

4.  X-ray 
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TABLE  XV 


COMPARISON  BETWEEN 

PRODUCTION  AND  LABORATORY  NDT  INSPECTION  SENSITIVITIES 


Actual  o  ,  .. 

,  .  Production 

ack  size  range  .  .. 

2c  (Inches)  inspect, on 

Laboratory 

inspection 

Aluminum  cylinders  -  penetrant  inspection 

0  -0.05 

NA 

0.0667 

0.05-0.10 

0.0000 

0.1538 

0.10-0.15 

0.0909 

0.2917 

0.15-0.20 

0.0833 

0.3636 

0.20-0.25 

1 .0000 

0.8571 

0.25-0.30 

(0.3333} 

1 .0000 

0.30-0.35 

(0.5000} 

1 .0000 

0.35-0.40 

NA* 

1 .0000 

0.40-0.45 

NA* 

1 .0000 

0.45-0.50 

(1 .0000} 

1 .0000 

Steel  cylinders  -  penetrant  inspection 

0  -0.05 

NA* 

0.1111 

0.05-0.10 

(0.5000} 

0.4000 

0.10-0.15 

(1 .0000} 

0.3333 

0.15-0.20 

(0.6667} 

0.3000 

0.20-0.25 

(1 .0000} 

0.6000 

0.25-0.30 

(1 .0000} 

0.7778 

0.30-0.35 

(1 .0000} 

0.6250 

0.35-0.40 

(1 .0000} 

1.0000 

0.40-0.45 

NA* 

1 .0000 

0.45-0.50 

(1 .0000} 

1 .0000 

Steel  cylinders  -  magnetic  particle  inspection 

0  -0.05 

0.2105 

0.2222 

0.05-0.10 

(0.5000} 

0.6000 

0.10-0.15 

0.6667 

0.9333 

0.15-0.20 

0.7500 

0.9000 

0.20-0.25 

0.6000 

0.8889 

0.25-0.30 

1 .0000 

1 .0000 

0.30-0.35 

1 .0000 

1 .0000 

0.35-0.40 

1 .0000 

1 .0000 

0.40-0.45 

NA* 

1 .0000 

0.45-0.50 

(1 .0000} 

1 .0000 

Note:  NA  -  No  specimens  containing  crack  of  this  size  range  were  inspected  by  the 
particular  technique. 

Those  numbers  in  (xxxx}  are  based  on  a  total  of  3  specimens  or  less. 


TABLE  XVI 


COMPARISON  OF  EDDY  CURRENT  INSPECTION  WITH  ULTRASONIC 
INSPECTION  OF  STEEL  CYLINDERS 


Actual 

Eddy  current 

Ultrasonics 

crack  size  range 

2c  (inches) 

laooratory 

laboratory 

0  -0.05 

0.0000 

0.2222 

0.05-0.10 

0.2000 

0.4000 

0.10-0.15 

0.1250 

0.8000 

0.15-0.20 

0.2857 

0.9000 

0.20-0.25 

1 

i  1.0000} 

1 .0000 

0.25-0.30 

1 

1 .0000} 

1 .0000 

0.30-0.35 

1 

[l .0000} 

1 .0000 

0.35-0.40 

l 

[1 .0000} 

1 .0000 

0.40-0.45 

NA* 

1 .0000 

0.45-0.50 

(1 .0000} 

1 .0000 

Note:  NA  -  No  specimens  containing  crack  of  this  size  range  were  inspected  by  the 
particular  technique. 

Those  numbers  in  braces  {XXXX}  are  based  on  a  total  of  3  specimens  or  less. 


crack  length  0. 15  to  0.50  inch 

1.  magnetic-particle 

2.  ultrasonics 

3.  penetrant 

4.  X-ray 

o  All  NDT  methods  obtained  very  high  accuracies  in  location  of  the  crack.  (X-ray  in¬ 
spection  was  not  included  due  to  the  low  sensitivity  of  this  technique) .  Low  reliability 
indices  are  due  to  two  factors;  namely,  (1)  the  inability  of  the  method  to  measure  the 
true  crack  length  accurately  for  small  cracks  and,  (2)  the  poor  sensitivity  of  the  methods 
in  detecting  cracks  smaller  than  0.20  inch. 

o  The  X-ray  method  used  here  was  unable  to  detect  small,  tight  surface  fatigue  cracks  in 
aluminum  and  steel  cylinders. 

o  The  sensitivity  of  the  ultrasonics  method  to  detect  small  cracks  appears  to  be  superior 
to  all  other  methods  examined. 

o  Magnetic-particle  inspection  is  superior  to  penetrant  inspection  for  the  4330V  Modified 
steel  cylinders. 

o  Production  inspection  methods  are  as  sensitive  to  cracks  of  length  from  0.20  to  0.50 
inch  as  laboratory  inspection  methods.  Laboratory  methods  appear  to  be  more  sensitive 
for  small  crack  lengths. 

o  Eddy-current  inspection  is  less  sensitive  than  ultrasonics  for  crack  lengths  smaller  than 
0.20  inch,  but  equal  in  sensitivity  for  cracks  from  0.20  to  0.50  inch. 

The  X-ray  method  cannot  be  applied  to  detect  small  cracks  in  these  specimens,  as  is 
evident  by  the  poor  results  obtained  by  X-ray  inspection.  It  is  possible  that,  when  combined 
with  a  penetrant  technique  to  fill  the  crack  with  a  radiation-absorbing  materia!  X-ray 
sensitivity  may  increase. 

Penetrant  techniques  showed  surprisingly  high  accuracies  in  detecting  and  locating  small 
fatigue  cracks. 

Magnetic-particle  methods  were  the  most  rewarding  of  all  the  methods  investigated.  For 
crack  lengths  over  0.25  inch,  the  results  were  better  than  those  obtained  by  ultrasonics.  It 
appears  that  magnetic-particle  inspection  has  an  excellent  potential  for  detecting  and  lo¬ 
cating  fatigue  cracks  in  these  specimens. 

The  ultrasonic  method  appeared  to  show  the  greatest  potential  for  detection  of  extremely 
small  cracks.  For  crack  lengths  less  than  0.20  inch,  this  method  appeared  to  give  the  most 
consistent  results.  It  is  unfortunate  that,  for  small  crack  lengths,  no  method  was  found  to 
be  very  reliable. 

It  is  felt  that,  once  the  NDT  method  has  indicated  that  a  crack  exists,  there  is  no  doubt 
that  the  location  of  the  crack  is  well  known.  This  is  true  for  all  surface  cracks  investigated 
here.  No  results  were  obtained  for  subsurface  cracks.  It  is  recommended  that  further  in¬ 
vestigations  be  confined  to  increasing  the  sensitivity  of  the  NDT  methods  to  obtain  better 
sensitivity  for  small  cracks. 
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SECTION  IV 
FAILURE  TEST  PROGRAM 


Test  Cylinders 

When  the  fatigue-cracking  and  NDT  inspection  were  completed,  the  cylinders  were  tensile 
tested  in  accordance  with  Federal  Test  Method  Standard  ^  1 5 1  a ,  Method  211.1.  Using  this 
Standard  as  a  guide,  steel  plugs  were  made  to  fit  inside  the  cylinders.  The  cylinders  were 
held  in  special  vee-type  grips  and  tested  to  failure  in  one  of  two  universal  testing  machines 
available  in  the  Lockheed-Georgia  Development  Test  Laboratory.  The  failure  loads  for  the 
4330V  Modified  steel  specimens  were  calculated  to  be  about  600,000  pounds,  and  300,000 
pounds  for  the  7075-T651 1  Aluminum  specimens.  This  required  the  use  of  slightly  different 
test  procedures,  depending  on  the  test  machine  used. 

The  7075-T6511  Aluminum  cylinders  were  tested  to  failure  in  a  400,000-pound  capacity 
Baldwin  Universal  Testing  Machine.  Load  values  are  accurate  to  ±0.5  percent  at  indicated 
load.  An  SR-4  type  strainometer  was  mounted  on  the  specimen  in  the  center  to  measure  elon¬ 
gation.  The  strainometer  was  calibrated  to  ASTM  Class  B-2  specifications.  The  specimen 
was  loaded  to  failure  at  a  constant  rate  of  0.006  in. /in. /min.  A  typical  test  configuration 
used  in  failure  testing  of  the  aluminum  cylinders  is  shown  in  Figure  99.  A  detail  photograph 
of  the  strainometer  attachment  is  shown  in  Figure  100. 

The  4330V  Modified  steel  specimens  in  the  220-240  KSI  heat-treated  condition  were  tested 
to  failure  in  a  1,200,000-pound  capacity  Baldwin  Universal  Testing  Machine,  Figure  101 . 
The  600,000-pound  load  range  was  used.  Load  values  are  accurate  to  ±l».5  percent  of  in¬ 
dicated  load.  The  initial  tests  were  conducted  using)  an  SR-4  strainometer  similar  to  theone 
used  on  the  aluminum  cylinders  to  measure  elongation.  A  specimen  failed  at  450,000  pounds 
and  damaged  the  strainometer.  A  Baldwin  PD-1  Deflectometer,  calibrated  to  ASTM  Class  C 
specifications,  was  used  for  the  remainder  of  the  tests.  The  sensitivity  of  the  deflectometer 
is  less  than  that  of  the  strainometer  due  to  the  nature  of  measurement  involved.  The  speci¬ 
men  is  loaded  at  a  constant  loading  rate  of  1000  Ib/sec.  The  test  configuration  used  in  fail¬ 
ure-testing  of  the  steel  cylinders  is  shown  in  Figure  102.  No  difficulties  were  encountered 
in  the  test  program  on  the  cylinders. 


Failure  Test  Results 

Figure  103  is  a  plot  of  the  failure  load  versus  actual  surface  crack  length  2c.  Those  speci¬ 
mens  containing  1-inch-diameter  bored  holes  are  shown  with  open  circles,  and  those  speci¬ 
mens  without  holes  are  shown  with  solid  circles.  The  data  for  specimens  containing  holes 
will  be  discussed  in  Section  V.  It  can  be  seen  that  no  loss  in  load  occurs  for  the  7075- T651 1 
Aluminum  cylinders  until  the  surface  crack  length  is  over  0.20  inch.  As  the  surface  crack 
length  increases,  the  failure  loads  continue  to  drop.  Specimens  that  contain  1-inch-diam¬ 
eter  holes  show  that,  even  with  cracks  less  than  0.20  inch  long,  there  is  a  reduction  in  fail¬ 
ure  load  due  to  the  crack.  This  reduction  may  be  a  considerable  amount.  For  example, 
specimens  containing  surface  cracks  0. 10  to  0. 15  inch  long  and  a  1-inch-diameter  hole 
failed  at  loads  of  115  KIPS  compared  to  155  KIPS  for  specimens  containing  only  the  hole. 

Figure  104  is  a  plot  of  the  failure  load  versus  actual  surface  crack  length  2c  for  the  steel 
cylinders.  Those  specimens  containing  1-inch  holes  bored  in  the  tube  are  shown  with  open 
circles;  those  specimens  containing  only  surface  cracks  are  shown  as  solid  circles.  The  loss 
in  strength  associated  with  surface  cracks  only  occurs  at  crack  lengths  over  0. 15  inch.  As 
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FIGURE  99  TEST  CONFIGURATION  FOR  FRACTURE  TESTING  OF  7075-T6511 
ALUMINUM  CYLINDERS  IN  400KIP  MACHINE 


FIGURE  100  SR-4  STRA1NOMETER  MOUNTED  ON 
7075-T651 1  ALUMINUM  CYLINDERS 


''  rU  v  ''  *  S ' 
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OF  1.2  MILLION  POUND  TEST  MACHINE  USES  FOR 
ING  OF  4330V  MODIFIED  STEEL  TUBES 


FIGURE  102  DETAIL  PHOTOGRAPH  SHOWING  4330V  MODIFIED  SI 
UPPER  GRIP  OF  1.2  MILLION  POUND  TEST  MACHINE 


-SPECIMENS  WITH  DRILLED  HOLES 


sdi>i  'avoi  aaniDvad 


was  expected,  failure  load  decreased  as  the  crack  length  increased.  It  can  be  seen  that  the 
presence  of  the  1- inch-diameter  hole  reduces  the  failure  load  of  the  specimens  containing 
small  cracks.  The  effect  of  a  small  crack  near  the  hole  is  on  the  same  order  of  magnitude  as 
was  found  for  the  aluminum  specimens. 

All  of  the  cracks  found  in  the  cylinders  were  "thumbnail"  cracks.  For  these  specimens,  the 
shape  of  the  crack  is  usually  given  in  terms  of  a  flaw  shape  parameter  Q  .  This  is  defined  (3) 
as  follows: 


where  <p  is  the  complete  elliptic  integral  of  the  second  kind 


and  a ^  is  the  gross  stress  at  failure,  a  is  the  0.2%  offset  yield  stress.  The  function  Q 

depends  on  the  ratio  of  crack  depth,  a,  to  crack  length,  2c,  and  contains  a  correction  for 
the  plastic  strains  along  the  crack  boundary. 


Figure  105  shows  the  failure  loads  versus  the  flaw  shape  parameter  a/Q  for  the  7075-T651 1 
Aluminum  cylinders.  The  open  circles  are  those  cylinders  containing  the  1-inch  bored  hole. 
It  can  be  seen  that  a  loss  in  load-carrving  ability  of  the  cylinder  is  shown  for  all  specimens 
containing  both  the  hole  and  the  crack,  while  no  loss  in  load-carrying  capacity  is  seen  for 
the  cylinders  containing  the  crack  alone  until  the  a/Q  value  is  over  0.06  inch.  Figure  106 
shows  the  failure  load  versus  the  flaw  shape  parameter  a/Q  for  the  4330V  Modified  steel 
cylinders.  It  can  be  seen  that,  when  the  a/Q  value  is  over  0.04,  there  is  a  loss  in  strength. 


The  Q  value  was  calculated  assuming  that  o ^  o '  =  1 .0  and  should  be  corrected  to  account 

for  the  actual  fracture  stress  as  a  function  of  the  yield  stress.  This  correction  is  made  when 
the  actual  fracture  stress  is  plotted  as  a  function  of  the  a/Q  values,  and  will  be  shown  in  the 
next  section . 


Figure  107  shows  the  effect  of  crack  depth,  a,  on  the  failure  load  of  the  7075-T651 1  Alum¬ 
inum  cylinders.  It  appears  that  surface  flaws  less  than  0.10  inch  deep  did  not  affect  the 
failure  loads.  With  a  1-inch-diameter  hole  bored  through  the  cylinder,  flaws  as  shallow  as 
0.04  inch  deep  caused  failure  reduced  loads. 

Figure  108  shows  the  effect  of  crack  depth,  a,  on  the  failure  load  of  the  4330V  Modified 
steel  cylinders.  It  can  be  seen  that  these  cylinders  show  a  loss  in  failure  loads  when  the 
crack  depth  is  over  0.08  inch. 
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ACTUAL  FLAW  SHAPE  PARAMETER,  a/Q,  INCH 
FIGURE  105  FAILURE  LOAD  VERSUS  -  FOR  7075-T6511  ALUMINUM  CYLINDERS 


-SPECIMENS  WITH  DRILLED  HOLES 


ALUMINUM  CYLINDERS 


SECTION  V 


FRACTURE  MECHANICS  ANALYSIS 


This  section  is  divided  into  four  parts.  Part  1  presents  the  results  of  the  literature  survey  of 
the  available  data  conducted  in  an  attempt  to  obtain  a  valid  statistical  analysis  for  K|c  for 

the  7075-T651 1  Aluminum  and  4330V  Modified  steel .  Part  2  presents  the  test  program  and 
test  results  obtained  on  round-center  notched  and  precracked  4330V  Modified  steel  speci¬ 
mens.  Part  3  presents  the  analysis  and  results  of  the  FM/NDT  design  in  predicting  the  failure 
load  and  failure  stress  of  the  test  cylinders.  Part  4  presents  the  analysis  and  results  of  the 
FM/NDT  design  in  predicting  the  failure  load  and  failure  stress  of  the  test  cylinders  contain¬ 
ing  a  1 -inch-diameter  bored  hole. 
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Part-  1  -  Analysis  of  Literature  Data 

Fracture-toughness  testing  has  generated  on  enormous  body  of  literature.  For  the  purposes 
ot  this  program,  the  literature  survey  was  restricted  to  the  following: 

o  7075  Aluminum  alloy  in  the  T6,  T65,  T651 1  heat-treat  conditions 

o  4330V  Modified  steel  in  the  220-240  KSI  tensile  ultimate  heat-treat  condition 

o  Tests  conducted  at  near  ambient  temperatures  in  the  absence  of  any  detrimental  environ- 
menr 

o  Tests  conducted  according  to  ASTM  fracture  toughness  procedures  (2,  3) 
o  Analysis  of  data  where  the  geometry  and  loads  were  tabulated  and  K(c  could  be  calcu¬ 
lated  from  individual  specimens  rather  than  an  average  K.  presented  without  individ¬ 
ual  test  results.  Ic 

Data  from  center-notched  and  fatigue-precracked  specimens  were  initially  selected  for  anal¬ 
ysis.  This  type  of  specimen  has  been  generally  accepted  in  the  literature  as  producing  the 
most  consistent  results.  The  data  available  on  round-center  notched  and  fatigue-precracked 
specimens  were  also  examined.  Data  obtained  from  single-edge  tension  and  three-  and  four- 
point  bending  were  also  examined. 

Approximately  1000  references  were  scanned.  In  addition.  Defense  Documentation  Centers 
'  and  personal  contacts  with  other  aerospace  fracture-testing  personnel  and  material  pro- 

for  KS  ofteSl?  *uPPle"»nt  the  available  data.  It  was  discovered  that  no  test  data 
for  Kjc  of  4330V  Modified  steel  were  available.  There  is  considerable  information  available 

on  4335V  Modified  and  4340,  but  this  was  not  used  in  the  analysis.  For  this  reason,  it  was 
deeded  to  determine  K|c  by  testing  25  longitudinal  and  15  transverse  fracture  toughness  spe¬ 
cimens  made  from  4330V  Modified  steel  heat-treated  to  220-240  KSI.  This  subprogram  is 

S' ^ Aluminum  alloy“C"°n'  '  renMi"der  °f  ,h'S  ^  de°'S  Wi,h  ,he  resul,s  ob,ained 

Approximately  800  data  points  obtained  from  15  sources  were  analyzed.  Table  XVII  shows 
the  sets  and  the  conditions  of  the  material .  Figure  109  shows  the  computer  program  that  was 

a^lcd  Xd.C,Ura  t0U9hneM  Klc;  «*-»>• 

°"d  ^.-precracked  specimen, 

T  =  specimen  thickness 

W  =  specimen  width 

AP  =  1/2  crack  length  prior  to  pop-in 

FGP  =  pop- in  gross  stress 

FNP  =  pop-in  net  stress 

AM  =  1/2  crack  length  at  maximum  load 

FGM  =  gross  stress  at  maximum  load 

FNM  =  net  stress  at  maximum  load 

FTY  =  yield  stress 
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cO  co 
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J  LAST  =J 
! LAST  =0 

1000 

WRITE!  WR,  1000} 

F0RAW>T<3X,G5HJ  !  T  Ai>  VK  'CCl  K I C 
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_ . 7 . 
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,  h 

1  LAST  =  1 

1 F( FGP110.20. t? 

10 

THETAP31*  5/52‘J*.AP/W 

VN*FNP/FTY-.8 

-  15 

IF(VN)  1^,15,16 

CHN^FGP/ .91*(W*S l  A)(  TltETAPJ/COSCTHETA-P)  )  **•  5 

THFTAN “THETA P+.C  7 5 3/ W ♦ < CHM/FTY)**2 

CHI C-FGP/.D1*(W*SIN(TH£TAN)/C0S(THETAN) )**.5 

1000 
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GO  TO  2 
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THETAS  =  L,57529*AM/M7 

\/S=rl«M/FTY-.8 
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MK~ 
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..Go  TO  2. 

_ /data 

END 

2 

- 6— 

1-0.079  29.94  90.00  00.00  00.00  16.26  13.10  23. 

3.0.124  09.09  3.06  13.20  20. OC  OO.CJL  CO. 00  00. 
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v  =  Poisson's  ratio 

KC  =  critical  stress  intensity  factor  associated  with  unstable  plane-stress  fracturing 

KIC  =  critical  stress- intensity  factor  associated  with  initiation  of  unstable  plane-strain 

fracturing 

J,l  =  numbers  identifying  each  set  of  data,  as  shown  in  Table  XVII 

The  results  of  each  test  were  scanned  to  ascertain  whether  (1)  the  specimen  had  exhibited 

the  crack  pop-in  that  is  characteristic  of  plane-strain  fracturing  and  (2)  VN  =  FNP/FTY  - 

0.8  H  0.  Calculations  for  K,  are  considered  invalid  if  these  conditions  are  not  met.  Sub- 

I  c 

sequently,  values  for  the  plane-strain  fracture  parameter  were  calculated  both  neglecting 
the  plasticity  correction  term,  and  including  the  plasticity  correction  term.  The  ', 
following  equations  were  used: 


value,  KN,  neglecting  plasticity  term 


KN  =  FGP 


(i-  A 


tan 


/  r  AP\ 
\  W  / 


«/2 


value,  KIC,  including  plasticity  term 


KIC  =  FGP 


M. 


(1-  V  )  J 


tan 


/  AP\  .  /  0.0756 \  /  KN\  2 

\~VTI  +  \-W~7  iFTYj  J 


1/2 


(IT) 


(18) 


Similarly,  if  the  specimen  exhibited  no  pop-in  and  VS  =  FNM/FTY  -  0.8  ^  0  values  for  the 
plane-stress  fracture  toughness  parameter  were  calculated  neglecting  the  plasticity  correction 
term  and  including  the  plasticity  correction  term.  The  following  equations  were  used: 


value,  KS,  neglecting  plasticity  term 

n  1/2 


KS  =  FGM 


W  •  tan 


/  AM\ 

\  W  / 


(19) 


value,  KC,  including  plasticity  term 


KC  =  FGM 


W  •  tan 


H/*4)  ♦  {¥)  (ft) 


1/2 


(20) 


The  results  of  the  K.  and  K  (B)  computations  on  the  7075  Aluminum  data  reveal  the  follow- 
mg: 

o  A  major  portion  of  the  references  that  were  abstracted  in  a  manner  so  as  to  report  K|c 
data  for  7075  did  not  contain  any  new  data.  The  K|c  values  reported  or  used  were  ob¬ 
tained  from  previous  references. 

o  Many  of  the  K|c  values  reported  did  not  contain  adequate  supplementary  information 
describing  the  specimen  geometry  to  ascertain  whether  the  test  was  valid  for  K|c. 

o  The  oldest  references  were  found  to  contain  invalid  test  geometries  or  used  test  proce¬ 
dures  that  were  later  discovered  to  introduce  errors  in  the  measurement  of  Kt  .  For  ex- 

I  c 

ample,  all  "Ink  staining"  tests  were  not  included  based  on  the  findings  of  Steigerwald, 
et  al  (47)  regarding  the  detrimental  effect  of  the  ink  and  water  base  solutions  on  K|c. 

o  The  specimen  geometry  was  such  that,  although  K|c  was  reported,  the  width-io-thick- 
ness  ratio  was  out  of  the  range  for  a  valid  K|c  test. 

o  Many  of  the  reported  results  are  from  tests  conducted  at  low  temperatures  and  could  not 
be  considered . 

Those  7075-T6,  T65,  T6511  Aluminum  specimens  that  were  not  eliminated  were  combined 
into  three  groups,  with  results  as  follows: 

Group  I  -  Material  Producers:  80  Tests 

1/2 

Average  K|c  -  30. 15  KSI  (in)  ' 

Standard  Deviation  -  2.97 
Coefficient  of  variation  -  0.099 

Group  II  -  Defense  Information  Center  -  120  Tests 
Average  K|c  -  47.65  KSI  (in) 

Standard  Deviation  -  15.86 
Coefficient  of  Variation  -  8.33 

Group  III  -  Aerospace  Industry  and  Others  -  60  Tests 
Average  K|c  -  33.03  KSI  (in)^^ 

Standard  Deviation  -  2.32 
Coefficient  of  Variation  -  0.07 

Using  these  three  sets  of  data,  90%,  95%  and  99%  confidence  values  can  be  established. 

The  overbound  90%  confidence  value  is  given  approximately  by  the  mean  value  minus  twice 
the  standard  deviation.  As  mentioned  in  the  Introduction,  this  is  called  Kjc(B)  and  is  the 

value  that  90% of  the  material  would  be  expected  to  exceed.  The  lower  bound  95%  confi¬ 
dence  value  is  approximated  by  the  mean  K|c  minus  2<5  standard  deviations.  The  lower  bound 

99%  confidence  value,  K|c(A),  is  given  by  K|c(Mean)  -  3.4  (Standard  deviation).  The  re¬ 
sults  are  as  follows: 


Group 


Mean  K|c 


lower  bound 
90%  confidence 
Value  Kjc(B) 

lower  bound 
95%  Confidence 
Value  K. 

1C 

lower  bound 
99%  Confidence 
Value  Kj  ,(A) 


30.15  KSI  (in) 1/2 


24.11  KSI  (in/*'* 


22.73  KSI  (in)1/2 


20.05  KSI  (in) 1/2 
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NA:  Standard  Deviation  too  high 


Pari-  2  -  Round  Fracture  Toughness  Specimens 


aasMwiajcfcsws 


Because  of  the  lack  of  available  test  data  on  K|c  values  for  the  4330  V  Modified  steel,  it  * 

was  decided  to  test  at  least  25  specimens  of  4330V  Modified  steel  in  the  longitudinal  grain 
direction  and  15  specimens  in  the  transverse  grain  direction.  These  specimens  were  de¬ 
signed  using  ASTM  standards  (2),  and  were  round  center-notched  and  fatigue-precracked 
specimens. 

All  specimens  were  made  as  shown  in  Figure  110.  The  specimens  were  machined  to  rough 
dimensions  and  finished-machined  after  heat-treatment.  The  specimens  were  then  placed 
in  an  engine  lathe  and  loaded  to  produce  a  fatigue  crack  fn  the  base  of  the  notch.  Figures 
111  and  112  show  the  experimental  setup  used  to  produce  fatigue  cracks.  One  end  of  the 
specimen  was  threaded  into  a  collet  mounted  in  a  three- jaw  chuck.  The  other  end  was 
threaded  into  a  long  collet  that  was  loaded  at  the  free  end.  The  collet  was  supported  near 
the  specimen. 

Several  methods  were  tried  to  produce  a  constant  bending  moment  at  the  base  of  the  notch. 
Dead-weight  loading  was  found  to  give  the  most  constant  results. 


Specimens  were  fatigued  for  10,000  cycles  at  150  rpm,  at  which  time  they  were  inspected 
to  determine  if  fatigue  cracks  developed  in  the  base  of  the  notch.  If  the  fatigue  crack  was 
not  sufficiently  developed,  the  specimen  was  fatigued  further.  A  special  ultrasonic  fatigue 
crack-measuring  system  was  developed  to  detect  and  monitor  the  growth  of  the  fatigue  crack. 
This  is  described  below. 


An  ultrasonic  pulse-echo  system,  Sperry  UM  721 ,  was  used  to  obtain  a  "C"  scan  of  the  plane 
of  the  circumferential  notch.  Flat,  beam-pulsed,  echo  ultrasound  was  introduced  into  the 
specimen  which  was  immersed  in  water.  The  surface  of  the  specimen  was  sealed  using  a 
water-repellent  tape  and  sealing  wax.  The  X-Y  scanning  was  coupled  with  the  motion  of 
the  transducer.  The  passing  of  the  signals  obtained  from  the  transducer  through  the  un¬ 
cracked  material  caused  a  dark  recording  on  the  "C"  scan  record.  Typical  fatigue  cracks 
gave  signals  of  saturated  or  near-saturated  amplitude,  causing  white  areas  on  the  recording. 
Only  moderate  definition  of  the  fatigue  crack  outline  was  obtained. 

Typical  "C"  scan  results  on  fatigued  specimens  are  shown  in  Figures  113,  115,  117,  and 
118.  The  fracture  surface  of  these  specimens  after  failure  is  shown  in  Figures  114,  116, 
and  119.  The  actual  fatigue  area  can  be  seen  as  a  light  surface  reflection. 

Figure  116  shows  a  typical  fatigue  cracked  specimen.  Figure  115  shows  the  "C"  scan 
recording  indicating  that  this  specimen  was  cracked  around  the  circumference.  Figures 
117  and  118  show  two  recordings  taken  from  the  same  specimen  ^19  at  two  stages  of 
fatigue.  The  first  figure  shows  that  the  fatigue  crack  does  not  extend  all  around  the 
specimen.  The  specimen  was  replaced  in  the  lathe  and  fatiguing  was  continued.  The 
second  Figure  (118)  shows  that  the  cracking  was  all  around  the  base  of  the  notch.  Figure 
119  shows  the  fracture  surface  of  the  specimen.  This  technique  enables  the  test  engineer 
to  determine  when  his  specimen  has  been  fatigued  for  a  sufficient  time. 

The  results  of  the  failure-testing  of  the  specimens  of  4330V  Modified  steel  are  given  in 
Tables  XIX  and  XX. 
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FIGURE  111  EXPERIMENTAL  SET  UP  FOR  FATIGUE  CRACKING  OF  THE  4330V 
MODIFIED  STEEL  ROUND  CENTER  NOTCHED  FRACTURE  TOUGH 
NESS  SPECIMENS 


FIGURE  1 12  EXPERIMENTAL  SET  UP  FOR  FATIGUE  CRACKING  OF  THE  4330V 
MODIFIED  STEEL  ROUND  CENTER  NOTCHED  FRACTURE  TOUGH¬ 
NESS  SPECIMENS 
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FIGURE  113  "C"  SCAN  OF  SAMPLE  6T  MADE  DURING  SAMPLE  PRODUCTION 
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FIGURE  1 14  FRACTURE  SURFACE  OF  SAMPLE  6T  ROUND  FRACTURE  TOUGH¬ 
NESS  SPECIMEN 
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FIGURE  1 19  FRACTURE  SURFACE  OF  SAMPLE  19  ROUND  FRACTURE 
TOUGHNESS  SPECIMEN 


TABLE  XIX 


RESULTS  OF  ROUND  CENTER-NOTCHED  AND  FATIGUE-PRECRACKED  K|c  TESTS  ON 
4330V  MODIFIED  STEEL  (220-240  KSI  HEAT  TREAT)-LONGITUDINAL 


Specimen 

number 

It 

D 

II 

d 

P,  lbs 

D 

d 

BB 

0l/2 

Klc  , 

KSl(«n)1//2 

2 

1.251 

0.961 

59,400 

111 

2.236 

nn 

51.3 

3 

1.253 

0.797 

38,800 

2.700 

1.430 

BBS 

49.6 

4 

1.250 

0.926 

45,600 

m 

2.322 

1.052 

1.1181 

42.9 

5 

1.253 

0.887 

41,890 

1.41 

2.425 

1.155 

1.1194 

43.2 

6 

1.250 

0.931 

49,600 

1.34 

2.305 

1.035 

1.1181 

45.9 

7 

1.250 

0.797 

36,000 

1.57 

2.700 

1.430 

1.1181 

46.0 

9 

1.253 

0.941 

64,100 

1.33 

2.288 

1.018 

1.1194 

53.3 

10 

1.251 

0.858 

45,000 

1.46 

2.511 

1.241 

1.1185 

49.9 

11 

1.250 

0.814 

41,300 

1.54 

2.649 

1.379 

1.1181 

50.9 

12 

1.253 

0.808 

40,700 

1.55 

2.666 

1.396 

1.1194 

50.8 

16 

1.250 

0.859 

39,500 

1.46 

2.511 

1.241 

1.1181 

43.8 

18 

1.254 

0.832 

41,100 

1.51 

2.597 

1.327 

1.1198 

48.7 

19 

1.250 

0.730 

48,300 

1.71 

2.941 

1.671 

1.1181 

72.2 

20 

1.250 

0.787 

34,600 

1.59 

2.735 

1.465 

1.1181 

45.1 

21 

1.250 

0.891 

46,200 

1.40 

2.408 

1.138 

1.1181 

47.0 

22 

1.251 

0.912 

49,200 

1.37 

2.356 

1.086 

1.1185 

47.8 

23 

1.250 

0.882 

45,900 

1 .42 

2.442 

1.172 

1.1181 

48.1 

24 

1.250 

0.767 

28,700 

1.63 

2.804 

1.534 

1.1181 

39.4 

27 

1.250 

0.816 

39,700 

1.53 

2.632 

1.326 

_ 

1.1181 

48.4 

Note:  Y  =  ( 1 . 72  ^  -  1 . 27) 


Mean  (M)  =48.6 

Std.  Dev.  (a)  -  6.7 

M-2  a  =35.3 
M  -  2.5a  =31.9 
M  3.4a=  25.9 
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The  analysis  followed  the  procedure  outlined  in  STP  410  (3).  The  K,  was  calculated  as 
follows:  c 

Klc  =  "qT72  0.72-£-  -1.27>  <21> 

where  D  is  the  major  diameter,  d  the  fatigue  notch  diameter  (corrected  for  plasticity), 
and  P  the  applied  load. 

The  mean  value  of  K,  for  the  4330V  Modified  steel  heat  treated  to  220-240  KSI  is  48.6 
1  /?  ,c 

KS!  (in)1'  .  In  the  longitudinal  direction,  the  value  of  ,Kk  that  90%  of  the  material 
would  be  expected  to  exceed  is  Kjc(B)  =35.3  KSI(in)1//2  the  value  of  K,  (A)  =25.9 
KSl(in)^2.  The  K|c(A)  is  the  minimum  that  would  be  expected  for  the  material. 

The  mean  value  of  Kjc  for  the  transverse  4330V  Modified  steel  specimens  is  46.5  KSI(in)^2. 
As  v/ as  expected,  this  is  lower  than  the  longitudinal  value.  However,  due  to  the  smaller 


scatter  about  the  mean,  the  90%  confidence  value  is  37. 1  KSi(in) 


t^l/2 


The  results  seem  to  indicate  that,  although  the  average  transverse  K|c  is  lower  than  the 
longitudinal  Kjc  value,  there  is  less  scatter  in  the  results. 
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Part  3  -  Fracture  Mechanics  Analysis 

All  of  the  tubes  tested  to  failure  were  analyzed  using  a  part  through  crack  fracture  tough¬ 
ness  analysis.  The  analysis  of  Tiffany  and  Masters  (2)  was  used  for  all  cracks  irrespective 
of  the  crack  depth,  a.  It  should  be  realized  that,  if  the  depth  of  the  crack  is  more  than 
halfway  through  the  thickness,  a  magnification  factor  should  be  used  to  correct  the  K|c 

value.  This  correction  for  the  nearness  of  the  crack  to  the  inside  wall  was  made  by 
superposition  of  additional  Kjc  factors  as  described  later. 

Test  Results 


Figure  120  shows  the  failure  stress  of  the  7075-T6511  Aluminum  cylinders  as  a  function 
of  the  actual  crack  length,  2c.  The  failure  stress  drops  slightly  with  increasing  crack 
length  as  was  expected.  The  scatter  in  the  data  is  due  primarily  to  variations  in  crack 
depth,  a,  within  a  particular  range  of  crack  lengths,  2c;  the  lower  values  are  specimens 
with  a  deeper  crack  depth.  For  crack  lengths  less  than  0.2  inches  there  is  no  apparent 
loss  in  strength.  Figure  121  shows  the  failure  stress  of  the  heat  treated  4330V  Modified 
steel  cylinders  as  a  function  of  the  actual  crack  length,  2c.  For  this  material,  it  appears 
that  crack  length  of  0.1  inches  or  longer  will  reduce  the  failure  stress.  Again,  the 
variations  in  failure  stress  for  a  constant  value  of  2c  can  be  attributed  to  variations  in 
crack  depth,  a.  The  drop  in  failure  stress  for  these  specimens  with  increasing  2c  is 
greater  tnan  that  observed  for  the  aluminum  cylinders. 

Figure  122  shows  the  failure  stress  as  a  function  of  the  actual  crack  depth,  a,  for  the 
7075-T6511  Aluminum  cylinders,  it  can  be  seen  that  for  a  constant  crack  depth,  a, 
there  is  some  scatter  due  to  the  crack  length,  2c.  The  failure  stress  for  specimens  con¬ 
taining  cracks  of  depth  from  0.00  to  0. 10  is  about  85  KSI ,  and  drops  to  55  KS1  for  cracks 
of  depth  0.24  inches.  Figure  123  shows  the  failure  stress  of  the  4330V  Modified  steel 
cylinders  as  a  function  of  crack  depth,  a.  The  variation  in  failure  stress  with  crack 
depth  is  more  pronounced  for  these  specimens.  For  crack  depths  from  0.00  to  0.06  inches 
the  failure  stress  remains  essentially  constant  at  218  KSI.  However,  the  stress  drops  to 
155  KSI  for  cracks  of  depth  0.22  inches.  As  before,  the  scatter  in  the  failure  stress  at  a 
constant  crack  depth  may  be  due  to  variations  in  the  crack  length. 

Figure  124  shows  the  failure  stress  for  the  7075-T651 1  Aluminum  cylinders  as  a  function 
of  the  flaw  shape  parameter  a/Q.  This  plot  reduces  the  scatter  in  the  failure  stress 
considerably.  This  is  to  be  expected,  since  the  Q  factor  includes  both  a  and  2c.  The 
dependence  on  a/Q  of  the  failure  stress  in  the  aluminum  cylinders  is  of  the  same 
magnitude  as  the  steel  cylinders  (Figure  125). 

Stress  Intensity  Factors  for  7075-T6511  Aluminum  and  4330V  Modified  Steel 

Figure  126  is  a  plot  of  the  apparent  critical  stress  intensity  factor,  KjX,  for  the  7075-T651 1 
Aluminum  cylinders  versus  the  crack  length,  2c.  The  equation  used  to  determine  the  KjX 
is  as  follows: 


K,x  =  1 .1  a 


I  nil 

\  ]Q 


(22) 


The  value  of  Q  in  these  specimens  is  corrected  for  plasticity  by  using  the  ratio  of  failure 
stress  to  yield  stress.  The  yield  stress  was  measured  directly  on  those  specimens  that  ex¬ 
hibited  yielding,  and  the  failure  stress  was  taken  from  each  specimen.  This  was  done  to 
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FIGURE  121  FAILURE  STRESS  VS  ACTUAL  CRACK  LENGTH  (2c)  FOR  4330  V  MODIFIED  STEEL  CYLINDERS 


ALUMINUM  CYLINDERS 


m 


FIGURE  123  FAILURE  STRESS  VS  ACTUAL  CRACK  DEPTH  FOR  4330  V  MODIFIED  STEEL  CYLINDERS 


FIGURE  125  FAILURE  STRESS,  VS  ACTUAL  FLAW  SHAPE  PARAMETER,  a/Q  FOR  4330  V  MODIFIED  STEEL  CYLINDERS 


FIGURE  126  APPARENT  CRITICAL  STRESS  INTENSITY  FACTOR  Kjx  VS  ACTUAL  CRACK  LENGTH 
FOR  7075-T651 1  ALUMINUM  CYLINDERS 


correct  the  Q  value  for  the  plasticity  that  occurred  at  the  base  of  the  crack,  and  is  consid¬ 
ered  a  standard  procedure.  The  equation  for  Q  is  given  in  Section  III,  Equations  15  and  16. 
It  should  be  realized  that  Equation  22  would  not  be  expected  to  hold  for  crack  geometries 
that  are  outside  the  specified  ranges.  In  particular,  if  the  crack  depth,  a,  is  over  one  half 
of  the  thickness,  the  that  is  obtained  is  too  high.  This  is  evident  in  Figure  126,  where 

K|X  for  the  aluminum  cylinders  calculated  using  Equation  22  is  plotted  as  a  function  of  crack 

length,  2c,  and  in  Figure  127,  where  is  plotted  as  a  function  of  crack  depth,  a.  The 

K|^  for  the  Aluminum  cylinders  increases  as  the  crack  length,  2c,  and  crack  depth,  a,  in¬ 


crease.  For  crack  lengths  over  0.30  inch  and  crack  depths  over  0.12  inch,  K|X  remains 
essentially  constant.  When  the  is  plotted  as  a  function  of  the  flaw  shape  parameter, 

a/Q  (Figure  128),  K|v  increases  up  to  an  a/Q  value  of  about  0.6,  and  then  remains  con- 

*  *1  /2 
stant.  For  the  7075-T651 1  Aluminum  cylinders  the  variation  ?n  KSI(in)  '  can  be  ex¬ 
pressed  in  terms  of  the  flaw  geometry  as  follows: 


|x  =  17.0+  140  c 

a,Q  constant,  2 C  <0.275  inch 

(23) 

X 

ii 

a,Q  constant,  2C  >  0.275  inch 

IX  =  17.0  +  180  a. 

2c,  Q  constant  a  <  .125  inch 

(24) 

IX=4° 

2c,  Q  constant  a  >  .125  inch 

IY  =  17.0 +  360^  , 
IX  Q 

-  <  0.625  inch 

Q 

(25) 

X 

II 

S 

—  >  0.625  inch 

Q 

Figure  129  is  a  plot  of  the  KjX  for  the  4330V  Modified  steel  cylinders  versus  actual  crack 
length  2c.  The  KjX  was  calculated  using  Equation  22  and  the  Q  factor  incorporated  the 
plasticity  correction  as  in  the  actual  ratio  of  failure  stress  to  yield  stress.  The  KjX  increases 
linearly  with  crack  length  2c.  Figures  130  and  131  show  the  change  in  K|X  with  crack 
depth,  a,  and  flaw  shape  parameter,  a/Q.  In  these  cases,  Kjx  also  increases  linearly  with 
the  geometric  variable. 


For  the  4330V  Modified  steel  cylinders,  the  variation  in 
in  terms  of  the  flaw  geometry  as  follows: 


K|x  KSl(i.i)l/2  “n  be  expressed 


lX  =  64  +  145  c 

a,Q  constant 

(26) 

lX  =  64  +  220  a 

c,Q  constant 

(27) 

IY  =64  +  400^ 

IX  Q 

(28) 
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FIGURE  127-  APPARENT  CRITICAL  STRESS  INTENSITY  PARAMETER  KjX  VS.  ACTUAL  CRACK  DEPTH 
FOR  7075-T6511  ALUMINUM  CYLINDERS 


FIGURE  128-  APPARENT  STRESS  INTENSITY  PARAMETER,  «lx,  VS  ACTUAL  FLAW  SHAPE  PARAMETER,  a/Q 
FOR  7075- T65I1  ALUMINUM  CYLINDERS  *'v 


ACTUAL  CRACK  LENGTH,(2c) 

FIGURE  129-  STRESS  INTENSITY  PARAMETER  K|XVS.ACTUAL  CRACK  LENGTH,  2c 
FOR  4330V  MODIFIED  STEEL  CYLINDERS 


FIGURE  130-  STRESS  INTENSITY  PARAMETER,  K(x  VS.  ACTUAL  CRACK  DEPTH 
FOR  4330V  MODIFIED  STEEL  CYLINDERS 


.  ACTUAL  FLAW  SHAPE  PARAMETER,  o/Q  ,  INCH 

FIGURE  131  STRESS  INTENSITY  PARAMETER,  K|X  ,VS  ACTUAL  FLAW  SHAPE  PARAMETER,  a/Q 

for  4330V  Modified  steel  cylinders 


Plane  Stress  Corrections 


The  use  of  the  terminology  K.w  in  Equations  (23)  to  (28)  is  misleading  since  the  original 
Tiffany  analysis  yielded  K|  from  Equation  (22) .  The  initial  analysis  of  Tiffany  assumes 
that  the  crack  tip  stress  fiefd  is  under  plane  strain  conditions,  and  to  insure  this  certain 
limitations  were  placed  on  the  crack  depth.  A  crack  conforming  to  these  limitations  is 
shown  in  Figure  132a  and  132c.  In  this  experimental  program  the  crack  depth  was 
allowed  to  vary,  resulting  in  some  cracks  having  the  configuration  shown  in  Figure  132b. 
As  the  depth  of  the  crack  increases,  the  constraint  along  the  crack  front  changes. 

Therefore,  if  Equation  (22)  is  utilized  the  resulting  stress  intensity  factor  may  not  be 
K|c,  the  term  restricted  to  plane-strain  conditions,  but  some  stress  intensity  factor, 
named  K.w .  Note  that  K.w  is  a  function  of  the  plane  stress  variations  at  the  crack  tip 
which  results  from  a  variation  of  depth;  hence,  K.^  is  a  function  of  crack  depth  and/or 
flaw  shape.  Therefore,  Kjw >  K|c  in  the  same  manner  as  K,  (B)>  K.  .  This  has  been 
considered  theoretically  by ^Holland  Kobayashi  (49),  who  consider  tRe  problem  of  two 
co-planar  flaws.  They  then  obtain  a  stress  intensity  magnification  factor  that  accounts 
for  this  interaction.  The  use  of  the  magnification  factor  adds  complexity  to  the 
analysis  as  it  is  not  a  simple  function.  Observing  the  test  data  in  Figures  126  and  129, 
it  appears  that  a  simple  linear  correction  is  possible. 

If  one  examines  a  curve  of  K  (B)  vs  plate  thickness  for  a  through  crack  analysis,  one 
observes  that  the  Kc(B)  approaches  K.  as  the  thickness  increases.  Hence,  using 
Figure  133  as  a  schematic,  one  may  write  the  following  empirical  relationship  between 
the  plane  stress  intensity  factor,  Kc(B),  and  the  plane  strain  stress  intensity  factor,  K|c 

KC(B)  -  [f(B>]  K|c 

Assuming  that  the  K  (B)  vs  B  curve  is  a  straight  line  in  the  decreasing  portion  of  the 
curve  B  >  B*  and  using  the  slope  intercept  form  of  the  straight  line  one  then  has 

Kc  (B)  =  it/  B  +  W 

where  m  is  the  slope  and  W  the  intercept  at  B  =  0.  Using  the  fact  that  the  intercept 
may  be  considered  to  be  some  multiple  of  K.  ,  i  .e.,  W  =  /S'K.  ,  and  assuming  that 
the  slope  m'  is  a  constant,  one  may  rewrite  the  equation  as  follows: 


Kc(B)=m'B  +  0K|c 

since 

Kix'  Kc<B> 

or 


K  (B)  =  A  K.w  where  A  is  a  constant 


a)  PLANE  STRAIN  GEOMETRY 


SECTION  AA 


FIGURE  132 


GEOMETRIC  CONFIGURATIONS  USED  FOR  SUPERPOSITION  OF 
K|c  VALUES  TO  CORRECT  FOR  PLANE  STRESS  CONDITIONS 


B* 


PLATE  THICKNESS 


FIGURE  133  VARIATION  OF  K  (B)  WITH  PLATE  THICKNESS, 

C 

B,  FOR  THROUGH-THE-THICKNESS  CRACKS. 


since  A,  m/  ,  and  0  are  constants  dividing  by  A  would  not  alter  the  results. 


K«c  ■ 


Kj^  -  m  B 


where  m  =  m'  /A  and  0=  fi'/A. 


This  analysis  was  conducted  for  a  through  crack  to  account  for  the  plane  stress-plane 
strain  variations  in  the  stress  field  that  occur  due  to  varying  the  plate  thickness  B. 
However,  for  the  part-through  crack  analysis  this  plane  stress-plane  strain  transition 
is  a  function  of  the  crack  depth,  a.  If  a  =  B,  the  situation  is  a  through-the-thickness 
crack  and  the  conventional  equations  should  apply.  If  a<[l/23B,  Equation  (22) 
should  yield  K|c,  or  either  gross  yielding  occurs  and  fracture  mechanics  is  not  appli¬ 
cable.  As  a  approaches  B,  interaction  between  the  crack  front  and  the  back  surface 
occurs  and  one  would  expect  some  high  value  for  stress  intensity,  approaching  KC(B) 
for  that  particular  wall  thickness  obtained  from  a  through-crack  test.  Therefore,  it 
appears  that  an  equation  of  the  form  of  Equation  (29)  with  B  replaced  by  B  -  a  can 
be  utilized.  Thus, 


K.c  - 


K,y-  t(B-o) 


where  £  and  v  are  constants  dependent  on  the  material . 

The  data  plotted  in  Figures  126  and  129  were  analyzed  by  Equation  (30)  and  the  results 
are  shown  in  Figure  134  for  4330V  Modified  Steel  and  Figure  135  for  7075-T65II 
Aluminum.  The  following  values  were  determined  from  the  test  data  as  being  valid 
for  these  materials: 


4330V  Modified  Steel 
7075-T65II  Aluminum 


16.0  1.28 


The  critical  stress  intensity  factor,  K.  ,  for  the  steel  now  is  a  constant  as  it  should 
be;  however,  the  aluminum  K.  is  much  less  improved.  If  the  criterion  of  failure 
stress  less  than  yield  stress  is  applied,  all  the  aluminum  data  containing  cracks 
shorter  than  0.2  inches  long  are  discarded  as  invalid  and  the  results  shown  in 
Figure  136  remain.  Now  it  appears  that  the  aluminum  data  have  been  properly 
corrected  to  yield  a  valid  K|  . 


Fracture  Mechanics  Failure-Load  Predictions 

The  failure-load  predictions  for  the  cylinders  are  made  using  the  following  equation: 


p  _  K1X 


ww 


where  A  is  the  area  of  the  specimen. 
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FIGURE  134  -  CORRECTED  K.  VERSUS  2c-4330V  MODIFIED  STEEL  CYLINDERS 


FIGURE  136  -  CORRECTED  K.  VERSUS  2c  FOR  7075- T65 II  ALUMINUM  CYLINDERS 


The  value  of  K|^  used  for  the  predictions  is  given  in  Equation  (23)  for  7075  T651 1  Aluminum 

and’Equation  (26)  for  4330V  Modified  steel.  Figure  137  plots  differences  between  the 
failure-load  prediction  and  the  actual  failure  load  as  a  function  of  crack  length,  2c.  For 
each  crack  length  range,  the  average  deviation  has  been  drawn  as  a  horizontal  line.  A 
zero  deviation  obviously  means  that  the  fracture  mechanics  prediction  agreed  with  the  ob¬ 
served  failure  load.  A  positive  deviation  indicated  that  the  fracture  mechanics  analysis 
overestimated  the  failure  load,  while  negative  deviations  mean  that  the  fracture  mechanics 
analysis  underestimated  the  failure  loads. 

For  the  7075-T6511  Aluminum  cylinders,  Hie  analysis  usually  underestimated  the  failure 
load.  This  was  true  in  all  ranges  of  crack  sizes  except  for  the  cracks  from  0.05  to  0. 10 
inch  long.  For  these  small  cracks,  the  analysis  overestimated  the  failure  loads.  This  is 
to  be  expected,  since  for  small  cracks,  gross  yielding  occurs  prior  to  failure,  and  the 
fracture  mechanics  analysis  would  not  apply. 

Using  the  failure  load  of  specimens  not  containing  cracks  as  a  basis,  two  error  bands  have 
been  drawn.  The  outer  two  lines  correspond  to  a  ±  10  percent  error  based  on  a  mean  load 
of  195  KIPS,  for  aluminum,  while  the  inner  two  lines  correspond  to  a  ±5  percent  error. 

It  can  be  seen  that  most  predictions  foil  within  ±  5  percent. 

For  comparison,  the  deviation  from  the  failure-load  predictions  using  a  standard  analysis 
are  drawn  on  the  same  curve.  This  uses  P  =  0^  A.  The  deviation  is  small  for  small 
cracks  but  increases  as  the  crack  length  increases.  Using  standard  analysis,  the  failure 
load  is  overestimated,  since  the  decrease  in  load-carrying  capacity  due  to  the  crack  is  not 
considered.  If  the  crack  exceeds  0.20  inch  in  length,  the  fracture  mechanics  analysis 
results  in  a  better  estimate  of  the  failure  load  of  the  material  than  does  the  standard 
analysis. 

The  deviations  between  the  true  failure  load  and  the  failure  load  predicted  using  fracture 
mechanics  is  shown  in  Figure  138  for  the  4330V  Modified  steel  cylinders.  Again  two  bands 
have  been  drawn,  showing  the  ±10  percent  and  ±5  percent  error  based  on  an  average 
failure  load  of  490  KIPS.  In  this  case,  the  fracture  mechanics  overestimates  the  failure 
load  in  the  majority  of  crack  sizes.  However,  almost  all  of  the  average  deviations  fall 
within  ±5  percent  of  the  predicted  failure  loads.  This  is  in  excellent  agreement,  and  it 
could  be  improved  slightly  by  a  more  judicious  choice  of  K.w.  As  was  expected,  the 
largest  deviation  occurred  with  small  cracks. 

The  deviations  of  the  actual  failure  load  from  that  predicted  using  a  standard  analysis  on 
4330V  Modified  steel  are  drawn  for  comparison  in  Figure  138.  As  before,  the  standard 
analysis  is  correct  for  small  cracks  up  to  0, 15  inch  long.  However,  for  cracks  larger 
than  0. 15  inch  long,  the  deviations  increase.  The  standard  analysis  again  overestimates 
the  failure  load  of  specimens  containing  cracks.  Here  the  error  exceeds  +  10  percent  for 
cracks  oyer  0.20  inch  long.  The  fracture  mechanics  predictions  are  much  more  accurate 
for  all  cracks  over  0.20  inch  long. 

Fracture  Mechanics/NDT  Failure-Load  Predictions 

Figures  139  through  141  show  the  deviation  of  the  failure-load  predictions  from  the  actual 
failure  load  verses  the  actual  crack  length,  2c,  made  using  fracture  mechanics  and  the 
crack  length  as  measured  by  each  NDT  method.  Again,  each  point  represents  a  single 
cylinder,  and  the  average  deviations  are  shown  as  straight  lines  for  each  crack  range. 


FIGURE  137  DEVIATION  OF  FAILURE  LOAD  PREDICTION  USING  FRACTURE  MECHANICS 
FROM  ACTUAL  FAILURE  LOAD  7075-T651 1  ALUMINUM  CYLINDERS 


DEVIATION  OF  FAILURE  LOAD  PREDICTION  USING  FRACTURE  MECHANICS 
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Figure  139  shows  the  failure-load  prediction  deviations  using  X-ray  inspection  to  measure 
the  cracks.  In  Section  III  it  was  mentioned  thatX-ray  could  not  detect  small  cracks,  so 
crack  lengths  less  than  0.30  could  not  be  included  in  this  plot.  Since  the  sensitivity  of 
the  X-ray  method  was  poor,  only  a  few  failure-load  predictions  could  be  made.  The  re¬ 
sults  show'  that  all  of  the  FM/X-ray  predictions  correctly  predict  the  actual  failure  load 
to  within  5  percent  of  the  actual  failure  load.  X-ray  always  overestimates  the  actual 
failure  load. 

Figure  140  shows  the  FM/penetrant-inspection  predictions  as  a  function  of  actual  crack  length, 
2c.  All  of  the  deviations  between  the  actual  failure  loads  and  the  predicted  failure  loads  are 
within  ±  5  percent.  For  crack  sizes  larger  than  0.25  inch  long,  the  penetrant-inspection  pre¬ 
dictions  are  very  close  to  the  actual  failure  loads. 

Figure  141  shows  the  deviations  of  the  failure-load  predictions  from  the  actual  failure  loads 
for  the  FM/ultrasonic  inspection.  Except  for  the  small  crack  lengths  (0,05  to  0. 10  inch) 
and  the  large  cracks  (0.45  inch),  all  of  the  failure  load  predictions  are  within  ±5  percent. 

The  FM/ultrasonic  technique  underestimates  the  failure  loads  of  specimens  containing  cracks 
from  0. 10  to  0.40  inch  long. 

Figures  142  through  145  show  the  deviations  between  the  actual  failure  load  and  the  failure 
load  predictions  made  using  the  NDT  methods  for  the  4330V  Modified  steel  cylinders,  as  a 
function  of  actual  crack  length. 

Figure  142  shows  the  results  of  the  FM/X-ray  inspection  failure  load  predictions.  At  no  time 
did  the  failure  load  prediction  do  better  than  ±  10  percent.  No  consistant  pattern  can  be  ob¬ 
served  due  to  the  small  number  of  points.  This  is  due  primarily  to  the  low  sensitivity  of  X- 
rays  to  fatigue  cracks  in  this  material. 

Figure  143  shows  the  results  of  the  FM/penetrant  predictions  on  the  failure  load  of  the  4330V 
Modified  steel  cylinders.  Except  for  one  case,  all  of  the  average  deviations  overestimated 
the  actual  failure  loads.  The  deviations  varied  between  +  3  percent  and  +  9  percent  based 
on  the  actual  tensile  stress.  One  crack  size,  from  0. 15  to  0.20  inch  long  was  underestimated. 

Figure  144  shows  the  results  of  the  FM/magnetic-particle  predictions  on  the  failure  load  of 
the  4330V  Modified  steel  cylinders.  The  average  deviations  always  overestimate  the  actual 
failure  load.  There  appears  to  be  a  continually  increasing  deviation,  and  for  crack  lengths 
below  0.25  inch,  the  predictions  are  within  +  5  percent.  Above  0.25  inch  long,  the  pre¬ 
dictions  are  greater  than  5  percent,  but  the  average  deviation  never  exceeds  10  percent. 

Figure  145  show?  the  deviation  from  the  actual  failure  loads  and  the  failure  loads  predicted 
using  FM/ullrasonics*  In  this  case  the  results  are  surprisingly  poor.  The  average  deviation 
is  always  over  10  percent.  The  method  overestimates  the  failure  load  by  more  than  150 
KIPS  for  small  cracks.  For  cracks  between  0.30  and  0.50  inch  long,  the  method  consistent¬ 
ly  overestimates  the  failure  loads  by  more  than  10  percent. 

Figure  146  is  a  summary  plot  showing  the  average  deviations  between  the  actual  failure  loads 
and  the  failure  load  prediction  made  using  fracture  mechanics  and  each  NDT  method.  The 
deviations  from  the  actual  failure  load  and  the  standard  design  using  is  also  shown  for 

comparison.  It  can  be  seen  that,  for  all  of  the  methods  used,  the  average  deviation  is  with¬ 
in  ±5  percent  of  the  actual  failure  load;  this  is  surprisingly  accurate.  The  most  accurate 
predictions  occur  in  the  crack  length  range  from  0.25  to  0.50  inch.  The  techniques  are  al¬ 
ways  in  error  for  small  crack  lengths. 
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FIGURE  140  DEVIATIONS  OF  FAILURE  LOAD  PREDICTIONS  USING  FM-PENETRANT  INSPECTION 
FROM  ACTUAL  FAILURE  LOADS*7075-T651 1  ALUMINUM  CYLINDERS 


DEVIATIONS  OF  FAILURE  LOAD  PREDICTION  USING  FM-  ULTRASONICS 
DM  ACTUAL  FAILURE  L O AD-7075- T651 1  ALUMINUM  CYLINDERS 
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DEVIATION  OF  FAILURE  LOAD  PREDICTION  USING  FM-XRAY  INSPECTION  FROM 
ACTUAL  FAILURE  LOAD  -4330V  MODIFIED  STEEL  CYLINDERS 
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44  DEVIATIONS  OF  FAILURE  LOAD  PREDICTION  USING  FM-MAGNETIC  PARTICLE 
INSPECTION  FROM  ACTUAL  FAILURE  LOAD  -  4330V  MODIFIED  STEEL  CYLINDERS 


Several  interesting  facts  are  shown  in  Figure  146.  Each  of  the  FM/NDT  procedures  results 
in  more  accurate  predictions  of  the  failure  load  than  FM  using  the  actual  crack  lengths  for 
cracks  over  0.40  inch  long.  For  example,  using  the  crack  length  range  from  0.45  to  0.50 
inch,  fracture  mechanics  theory  and  the  actual  crack  length  overestimates  the  failure  load 
by  an  average  of  20  KIPS.  However,  FAVX-ray,  in  that  crack  length  range,  is  only  off 
by  5  KIPS,  while  FM/penetrant  is  off  by  only  3  KIPS.  The  FM/uttosonic  predictions  under¬ 
estimate  the  loads  by  an  average  of  5  KIPS.  In  all  cases  of  cylinders  containing  cracks  the 
estimate  of  failure  load  is  closer  to  the  actual  failure  load  than  standard  design  assuming  no 
cracks. 

Figure  147  is  a  summary  plot  showing  the  average  deviations  between  the  actual  failure  loads 
and  the  failure-load  predictions  made  using  fracture  mechanics  and  each  NDT  method.  In 
this  plot,  all  of  the  FA^/NDT  predictions  are  within  10  percent  of  the  actual  failure  loads 
except  for  those  made  using  ultrasonics.  The  F/vVultrasonics  method  is  poor  in  comparison 
to  penetrant,  magnetic-particle  and  X-rays.  It  does  not  appear  to  be  the  fault  of  the  FM 
analysis,  since  the  predictions  made  using  the  actual  crack  length  and  fracture  mechanics 
is  within  5  percent  of  the  actual  failure  loads.  The  FM/X-ray  results  are  more  accurate 
than  those  using  FM/ultrasonics. 

The  results  of  the  failure-load  predictions  are  very  encouraging  and  show  the  potential  of  a 
combined  FM/NDT  inspection  procedure  in  predicting  true  failure  loads.  Two  factors  should 
be  mentioned  briefly  at  this  point.  First,  the  failure  load  predictions  are  very  dependent  on 
the  choice  of  K|c  or  K|^  .  Since  there  can  be  large  scatter  in  the  actual  value  of  Kjc,  the 

predictions  could  be  very  poor  if  the  wrong  value  of  K|c  were  used  in  the  analysis.  Second, 

it  should  be  realized  that  in  all  of  these  predictions,  the  value  of  crack  depth,  a,  was  esti¬ 
mated  from  the  NDT  value  of  2c.  This  is  because  there  is  no  accurate  method  by  which 
crack  depth  can  be  measured  directly. 

The  ultrasonic  technique  offered  the  only  potential  method  for  measuring,  a,  directly,  but 
the  results  were  so  inaccurate  that  they  were  not  included  in  the  analysis.  In  this  example, 
the  value  of  a  was  chosen  based  on  the  average  value  of  a  determined  by  measurements 

on  the  fracture  surface.  For  example,  for  the  7075-T651 1  the  average  —  was  0.4832 

2c 

and  for  4330V  Modified  steel  the  average  —  was  0.4285.  Most  of  the  cracks  showed  a 

2c 

semicircular  appearance  on  the  fracture  surface. 

In  the  final  analysis  when  part  through  cracks  are  used,  the  choice  of  crack  depth,  a,  re¬ 
mains  a  difficult  problem.  However,  if  is  expected  that  improved  NDT  procedures  can  be 
found  that  will  result  in  more  accurate  estimates  of  crack  depth.  The  accuracies  of  crack 
length,  2c,  were  sufficiently  high  to  permit  all  failure-load  predictions,  with  the  exception 
of  those  discussed  previously  to  be  correct  to  within  ±  10  percent. 


Part  4  -  Analysis  of  Cylinders  Containing  Circular  Cutouts 


Theoretical  analyses  of  the  stress  distribution  in  the  vicinity  of  a  circular  hole  cut  in  a 
cylindrical  shell  have  been  made  by  Van  Dyke  (50)  and  Lurie  (51).  Experimental  work  on 
the  stress  distribution  of  such  specimens  was  performed  by  Houghton  (52)  using  a  frozen 
stress  technique.  Later  experimental  work  was  extended  to  include  elliptical  cutouts  and 
reinforced  circular  cutouts  (53,54). 

The  tangential  stress  a^at  the  edge  of  the  circular  hole  in  a  cylindrical  shell  under 
uniaxial  loading  is  given  by 


a, 

-4=  i 
“i  L 


1  +2cos2‘p+J3(l  -^ife  )(  2  +  3  005  2<t>, 


This  equation  consists  of  the  flat-plate  solution  plus  a  correction  term  for  the  curvature. 
Here  aw,  is  the  tangential  stress,  the  applied  stress  (P/area),  $  the  angle  of  incline  from 
the  x  axis,  m  the  radius  of  the  circular  cutout,  R  the  mean  radius  of  the  cylinder,  and  B 
the  cylinder  thickness.  The  stress  distribution  observed  by  Houghton  follows  the  flat  plate 
theory  (55).  Figure  148  shows  the  difference  between  the  tangential  stress  cr^observed  by 
Hougnton  and  the  theoretical  values  of  a^  based  on  flat-plate  theory  as  a  function  of 
incline  0. 


The  effect  of  cylinder  radius  R  on  the  maximum  stress  concentration  factor  is  shown  in 
Figure  149.  It  w,as  found  that  flat-plate  theory  is  applicable  to  cylindrical  shells 
containing  circular  holes  whose  geometries  satisfy:  m2/RB  £  0.88.  A  value  for  the  cutout 
radius  (m  =  0.5")  was  determined  by  substituting  the  cylinder  dimensions  (R  =  1 .5"  and 
B  =  0.25")  into  this  equation.  According  to  the  graph  shown  in  Figure  149,  the  maximum 
stress  concentration  factor  under  uniaxial  loading  lies  between  2.85  and  3.0. 

Flat-plate  theory  was  used  to  calculate  the  stress  distribution  around  the  hole  for  the  test 
cylinders. 

For  an  infinite  flat  plate  under  uniaxial  tension  containing  a  circular  hole,  the  stress  in  the 
x  direction,  a  ,  and  the  stress  in  the  y  direction,  a  ,  at  distances  r  from  the  cutout  are  given 

x  „  r  , 

r  "i  4  r  4 

Vt  2+[t]  +3lfj  (33) 

Vt[[t]2-3[7]4]  <34> 

The  maximum  oy  stress  is  3*]  when  m/r  =  1 .0;  the  minimum ox  stress  is  -°j  .  The  variation 
in  stress  as  a  function  of  the  distance  from  the  cutout  is  shown  in  Figure  150.  Figure  150 
also  shows  the  variation  in  tangential  stress  plotted  in  polar  coordinates.  By  suitable  com¬ 
bination  of  Equations  (32),  (33),  and  (34)  the  stress  parallel  to  the  applied  load  at  a 
distance  r  from  the  center  of  the  cutout  can  be  obtained. 
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Ratio  of  a^/a  whereof  =  P/A 
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FIGURE  148  DIFFERENCE  BETWEEN  EXPERIMENTAL  AND  THEORETICAL  VALUES 
OF  ff,£  AS  A  FUNCTION  OF  <f> 


FIGURE  149  EFFECT  OF  CYLINDER  RADIUS,  CYLINDER  THICKNESS, AND  HOLE  RADIUS 
ON  THE  MAXIMUM  STRESS  CONCENTRATION  FACTOR 


Stress  Distribution,  0  ^  at  r/m  = 


Failure  Load  Predictions  of  Cylinders  Containing  Cracks 

For  limited  series  of  tests,  it  was  decided  to  hold  the  angle  <f>  constant.  The  value  of 
4>-  0°  was  chosen,  since  for  this  value  of  0,  equation  (33)  could  be  used  directly  in  the 
Cl  C|^  i  l0nS*  m  —  0*50  inch,  the  local  stress  at  a  distance,  x  ,  from  the  edge  of 

the  hole  due  to  a  uniform  uniaxial  stress  <r0  is  given  as 


a  =  a  | 
X1  1  [ 


/  0.50  \2  ,  ./  0.50  \A 

\0.50  t  x^j  ^Oi+xJ 


This  stress, o  x  ,  is  the  local  stress  that  is  seen  by  the  crack.  This  is  shown  schematically 
in  Figure  151 .  If  the  near  edge  of  the  crack  was  located  at  xi ,  the  material  would  fail 
when  ax  reached  .  Hence,  using  the  part-through-crack  analysis  of  Tiffany  and 
Masters  (2),  the  value  of  the  fracture  stress  is  given  as 


a  =  ac  = 
x,  f 


Hence,  replacing af  byaxj  in  terms  of  the  applied  sfressa0,  the  uniform  axial  stress 
required  to  cause  failure  is  given  by 


/  -0.50  \2,./  0.50  V 

\0.50  +  x1/  +3\O0  +  x1j 


By  multiplying  a  by  the  area  of  the  tube  A,  the  failure  load  can  be  obtained: 


'•Kf 


where  Px  is  used  to  designate  the  failure  load  prediction  by  this  analysis 
and  ,•  „  .  \ 


2  |  I-  0-50  Y  +  1 1  °-50  V 
k  -  \°-5Q  +  *i/  \o.5q  +  xt; 


and  is  the  equivalent  value  of  the  stress  concentration  factor  K*  at  a  distance  xi,  from  the 
hole.  1 


The  local  stress  concentration  factor  at  the  opposite  end  of  the  crack  (not  facing  the  hole) 
was  also  calculated..  This  is  done  simply  by  replacing  xj  by  X2  =  x,  +  2c  in  Equations 
(35)  to  (39).  The  failure-load  prediction,  Equation  (38),  was  also  calculated  assuming 
that  the  local  stress  experienced  by  the  crack  was  the  average  of  xi  and  xo.  This  was 

called  Kk(AVG)‘ 


210 


A  photograph  of  the  failed  surface  of  a  7075-T651 1  Aluminum  cylinder  containing  a 
1 -inch-diameter  bored  hole  is  shown  in  Figure  152.  Figure  153  shows  a  side  view  of  the 
same  failed  cylinder.  It  is  evident  that  failure  occurred  in  the  section  containing  the 
cracks.  Figure  154  shows  a  detail  of  the  failure  surface  of  a  4330V  Modified  steel  cylinder 
containing  a  1 -inch-diameter  bored  hole.  The  primary  failure  passed  through  the  section 
containing  the  cracks. 

The  values  of  x^,  x^,  2c,  and  a  were  measured  directly  on  the  failure  surface.  The 

location  of  the  crack  !\,  ! 2 ,  9],  and  02  were  also  measured.  These  measurements  were 
used  also  in  evaluation  of  the  NDT  and  were  incorporated  in  the  results  reported  in 
Section  III.  However,  for  completeness,  they  are  reported  here  in  Tables  XXI  and  XXII. 
These  tables  present  the  failure  load  predictions  for  the  specimens  containing  both  the 
hole  and  the  crack.  The  K|c  chosen  was  48.6  KSlQn)  V*  for  the  4330V  Modified  steel  in 
the  220-240  KSI  heat-treat  range  and  31 .8  KSI(in)l/2  for  the  7075-T6511  Aluminum. 

For  the  7075-T6511  Aluminum  cylinders,  the  results  are  tabulated  in  the  last  three  columns 
of  Table  XXI .  The  best  results  were  obtained  using  the  value  of  Kx  where  xj  is  the 
nearest  point  of  the  crack  to  the  hole.  The  deviations  are  given  in  the  last  column.  In 
all  cases,  the  theoretical  analysis  overestimated  the  true  failure  load.  This  is  perhaps  due 
to  the  high  value  of  Kjc  chosen. 

The  average  overestimation  is  13.9  KIPS  too  high.  This  is  about  a  9%  error  based  on  the 
failure  load  of  the  specimens  containing  the  holes  alone.  The  largest  deviations,  over¬ 
estimations  of  50.5  KIPS,  44.0  KIPS,  and  29.4  KIPS  were  found  to  occur  for  cracks  with 
depths  of  0.04  inch.  This  is  not  surprising,  for  these  shallow  cracks  are  not  normally 
considered  deep  enough  for  the  fracture  mechanics  to  apply. 

For  the  4330V  Modified  steel  cylinders,  the  results  are  tabulated  in  the  last  three  columns 
of  Table  XXII .  The  best  results  were  obtained  using  the  value  of^x  where  Xj  is  the 
nearest  point  of  the  crack  to  the  hole.  The  deviations  of  the  predicJed  loads  from  the 
actual  loads  are  given  in  the  last  column.  In  most  of  the  coses,  the  analysis  overestimated 
the  failure  load.  No  particular  pattern  for  the  overesfimatign  or  underestimation  was 
found;  for  example,  with  a  crack  depth  of  0.07  inch,  two  specimens  were  overestimated 
and  three  underestimated. 

The  average  deviation  from  the  failure  loads  is  +19.8  KIPS.  The  deviation  was  5.2% 
based  on  the  average  failure  load  of  the  steel  cylinder  containing  only  the  holes  and  was. 
less  than  the  average  deviation  found  for  the  aluminum  cylinders.  Thus,  it  appears  that 
the  theory  is  more  applicable  to  failure  predictions  for  the  steel  cylinders  than  for  the 
aluminum  cylinders.  This  was  to  be  expected,  since  the  fracture  mechanics  theory  is 
expected  to  be  more  accurate  for  the  more  brittle  materials. 

Several  specimens  failed  in  a  manner  shown  in  Figure  155-  The  failure  appears  to  result 
from  the  crack's  first  growing  into  the  hole  and  then  propagating  around  the  circumference 
of  the  cylinder.  The  right  end  of  the  crack  is  blunted  by  growing  into  the  hole,  and  some 
plastic  deformation  is  obtained  on  the  periphery  of  the  bored  hole  opposite  the  crack.  The 
hole  thus  acts  as  a  crack-stopper  for  one  end  of  the  crack. 

This  condition  could  also  be  approximated  by  a  central  hole  with  a  single  crack.  This  has 
been  treated  in  detail  by  Paris  and  Sih  (2) .  The  failure-load  prediction  for  this  configu¬ 
ration,  P,  is  given  by 


212 


FIGURE  152  FRACTURE  SURFACE  OF  4330V  MODIFIED  STEEL  CYLINDER 
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FIGURE  154  FRACTURE  SURFACE  4330V  MODIFIED  STEEL 
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FAILURE  LOAD  PREDICTIONS  ON  7075-T651 1  ALUMINUM  CYLINDERS  CONTAINING  CRACKS  AND  HOLES 
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TABLE  XXII 

FAILURE  LOAD  PREDICTIONS  ON  4330V  MODIFIED  STEEL  CYLINDERS  CONTAINING  CRACKS  AND  HOLES 
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Avg.dev.  :  +19.8  KIPS 
Avg.  no  crack  failure  load:  381.1  KIPS 

•Deviation  between  actual  failure  load,  and  P^  min  %  dev.:  5.2% 

*  £  (bole)  using  FM  and  equation  (40) 


It  .8*4  ik***-  J*» 


_ ...  - — .^.ntor’y-M* ....  MMWMtBIfrllllferi  .  1  :| 


P  = 


K|CA 


>P(e) 


(40) 


and  where  L  is  the  length  of  the  initial  crack  plus  the  distance  from  the  crack  to  the  hole. 
f(L/m)  is  tabulated  as  follows: 

Stress-Intensity  Factor  Coefficients  of  (L/m)  for 
Cracks  Emanating  from  a  Circular  Hole  (2) 


L/m 

f(L/m)  single  crack 

uniaxial  stress 

0.00 

3.39 

0.10 

2.73 

0.20 

2.30 

0.30 

2.04 

0.40 

1.86 

0.50 

1.73 

0.60 

1.64 

0.80 

1.47 

1.00 

1.37 

1.50 

1.18 

2.0 

1.06 

3.0 

0.94 

5.0 

0.81 

10.0 

0.75 

CO 

0.707 

The  results  are  given  in  Tables  XXI  and  XXII  under  the  column  marked  _P. 

It  is  evident  that  these  failure-load  predictions  are  poor.  The  predicted  failure  loads  are 
usually  less  than  50%  of  the  actual  failure  loads. 


Conclusions 

The  conclusions  that  can  be  drawn  as  a  result  of  analysis  of  the  fracture  mechanics  - 
nondestructive  testing  program  are  as  follows: 

o  The  present  status  of  available  literature  concerning  K|c  values  for  7075-T6511 
Aluminum  alloys  is  too  scattered  to  be  used  as  a  design  value  in  a  FM/NDT  design 
criterion. 

o  The  available  test  infoimation  of  K|c  for  most  materials  is,  at  best,  marginal  for 
use  in  the  design  of  critical  components  and  the  scatter  in  reported  values  of  K. 
is  too  large,  even  at  room  temperature,  so  that  the  90%  confidence  values  of  c 
K|c  based  on  the  standard  deviations  would  be  so  low  as  to  render  the  design 
impractical . 

o  No  information  is  available  in  the  literature  concerning  K|c  for  4330V  Modified 
steei  in  the  220-240  KSI  heat-treat  range. 

o  The  most  consistent  data  for  Kjc  appear  to  be  available  from  the  material  producer, 
and  next  from  the  aerospace  companies.  The  data  from  other  sources  showed  an 
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extremely  large  scatter.  This  may  be  due  to  primary  emphasis  on  devising  new  test 
techniques  for  K|c. 

o  The  uncorrected  plane-strain  stress  intensity  factors  obtained  from  tests  conducted 
on  the  7075— T 651 1  Aluminum  cylinders  show  the  K|X  to  vary  as  follows: 


IX  =  17.0  +  140  c 

a,  Q  constant,  2c  <  0.275  inch 

IX  =  40 

a,  Q  constant,  2c  >  0.275  inch 

lX  =  17.0  +  180  a 

2c, Q  constant,  a<  0.125  inch 

IX  =  40 

2c, Q  constant,  a>  0.125  inch 

IX=  17*0  +  § 

^<  0.625  inch 

:IX  =  40 

^■>  0.625  inch 

o  The  uncorrected  plane-strain/stress  intensity  factors  obtained  from  tests  conducted 
on  the  4330V  Modified  steel  cylinders  heat-treated  to  220-240  KSI  show  the 
K|x  to  vary  as  follows: 


K,x  =  64  +  145  c 
K|x  =  64+  220  a 
K1x  =  M+  400| 


a,Q  constant 
c,Q  constant 


o  A  correction  factor  when  applied  to  the  K.x  to  account  for  the  plane  stress-to-plane  strain 
variation  at  the  tip  of  cracks  whose  depths  are  greater  than  1/2  the  thickness  reduces  the  K| 
obtained  for  deep  cracks  to  Kjc . 


o  The  fracture  mechanics  failure  load  predictions  using  the  actual  crack  length,  2c, 
and  actual  crack  depth,  a,  are  all  within  ±10%  for  both  the  aluminum  and  steel 
cylinders.  This  is  in  excellent  agreement  with  the  actual  failure  loads  for  these 
specimens. 

o  The  fracture  mechanics-nondestructive  testing  failure-load  predictions  are  very 
dependent  on  the  choice  of  K|c  or  Kjx>  For  the  values  of  K|x  chosen,  all 
FM/NDT  predictions  agreed  with  the  failure-load  to  within  ±10%.  The  one 
exception  was  FM/ultrasonics  for  the  4330V  Modified  steel  cylinders. 

o  Except  for  the  small  crack  lengths,  the  FM/NDT  failure-load  predictions  for  the 
aluminum  cylinders  were  better  than  those  predictions  using  standard  design 
procedures. 

o  The  failure-load  predictions  using  FM/NDT  for  the  4330V  Modified  steel  were  all 
found  to  be  more  accurate  than  standard  design  predictions,  with  the  exception  of 
FM/ultrasonics. 


The  failure-load  predictions  for  test  cylinders  containing  both  a  1 -inch-diameter 
hole  and  a  small  crack  near  the  hole  are  in  excellent  agreement  with  the  actual 
failure  load.  The  average  error  for  the  7075-T6511  Aluminum  specimens  was  9% 
and  was  5.2%  for  the  4330V  Modified  steel . 


SECTION  VI 


APPLICATIONS 


The  applicability  of  the  FM/NDT  design  philosophy  to  actual  aerospace  components  depends 
on  two  major  factors;  (1)  The  type  of  material  used  must  be  such  that  fracture  theory  would 
be  applicable/  and  (2)  the  NDT  procedure  to  be  used  must  be  specified  in  the  design. 

The  material  that  is  used  should  be  of  sufficient  brittleness  that  there  is  a  possibility  of  fail¬ 
ure  at  stresses  less  than  the  yield  stress.  Some  typical  materials  that  might  be  used  in  a 
FM/NDT  analysis  are:  (57) 

Steels 

HP  9-4-25 

D6AC 

H-11 

4340,  4335V  Modified 
4330V  Modified 
300M 

18  percent  Ni  Maraging 

Titanium  Alloys 

6AI-4V 
6AI-6V-6Sn 
8AI-IM0-IV 
6AI  6V-2Sn 
13Cr-llMo-3AI 

Aluminum  Alloys 

2014-T6 

2020-T6 

2024-T6  T8  T651 
2219-T87 

7075-T6  T651 ,  T6511 
7079-T6  T651 

There  are  many  others,  but  this  partial  list  shows  the  potential  alloy  systems  that  may  be 
used  in  the  analysis.  The  fracture  toughness  of  these  alloys  is  such  that  the  possibility  of 
a  brittle  fracture  at  low  stresses  should  not  be  ignored. 

It  is  mandatory  that  the  NDT  procedure  to  be  used  in  the  design  be  specified  in  the  design 
procedure.  Since  an  assumption  is  made  in  the  FM/NDT  method  regarding  the  pre-existance 
of  flaws,  the  size  of  the  flaw  used  in  the  design  procedure  should  be  detectable.  The  con¬ 
fidence  in  the  design  is  based  on  the  reliability  of  the  NDT  procedure  to  detect  the  size 
flaw. 

If  the  sensitivity  of  the  NDT  method  were  100  percent,  there  would  be  a  high  degree  of 
reliability  in  the  NDT  procedure.  On  the  other  hand,  if  the  sensitivity  of  the  NDT  were 
only  50  percent  at  that  flaw  size  range,  only  50  percent  of  the  cracks  would  be  found  by 
the  NDT.  Thus,  one  of  the  cracks  that  was  overlooked  could  be  the  cause  of  the  failure. 


Msaat^smsse^jssta^ 


The  reliability  of  the  combined  FM/NDT  failure-load  prediction  is  the  product  of  the  re¬ 
liability  index  of  the  NDT  method  and  the  confidence  limit  of  the  value  of  K|c.  For  ex¬ 
ample..  if  a  flaw  size  of  0.30  inch  were  used.  Figure  98  shows  th ■at  the  penetrant  reliability 
index  would  be  0.53,  the  magnetic-particle  index  0.72,  and  the  ultrasonic  index  0.66. 
Thus,  using  a  90  percent  lower  bound  confidence  value  of  Kjc  equal  to  35.3  KSI (in)  1/2 

for  4330V  Modified  steel,  the  relative  confidence,  R^,  that  could  be  placed  on  the 

failure  load. predictions  is  as  follows: 


Penetrant:  R^ 

=  (0.9)(0.53) 

= 

0.48 

Magnetic-Particle:  R^ 

=  (0. 9)  (0.72) 

= 

0.65 

Ultrasonics:  R^ 

=  (0.9)  (0.66) 

= 

0.59 

The  following  paragraphs  describe  the  general  procedures  that  could  be  used  in  applying 
FM/NDT  as  a  design  method. 


Case  A:  Tensile  Loading 

Failure  stresses  have  been  calculated  for  arbitrary  conditions  and  flaw  dimensions  in  a  20- 
inch  wide  flat  plate  to  illustrate  the  results  that  may  be  expected.  The  basic  equation  used 
to  evaluate  each  condition  for  susceptibility  to  fracture  includes  specimen  width  and  local 
plasticity  effects.  The  relationship  used  to  calculate  the  fracture  stress  is  as  follows  (2): 


A 

W  fan)  n 

=  K/O-*2) 

W 

6  It  0\y2 

(41) 


where: 

Ki=  ■ 
v  = 

W  = 

2c  = 

a  = 

ty 


Predicted  gross  stress  ai  failure 

Critical  stress  intensity  factor  for  the  plane-strain  condition 
Poisson's  ratio  (use  .3) 

Specimen  width 
Flaw  length 

Yield  stress  of  the  material 


Example  1  -  Smooth  Specimen,  Flaw  Detected 


Specimen  Data: 

Material 

Thickness 

Width 

Yield  Stress 


7075-T6511  Extruded  Plate 
0.250  inch 
20  inches 

80  KSI  (Typical) , /9 
31.75  KSI  (in) 
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Results? 


NDT  Technique 

X-Ray 

Penetrant 

Ultrasonics 


Flaw  Size 

0.125  Inch 
0.100  Inch 
0.250  Inch 


Example  II  -  Smooth  Specimen/  No  Flaw  Detected 


Results: 


Specimen  Data: 

Material 
Thickness 
Width 
Yield  Stress 
K, 


Predicted  Failure  Stress 

45.5  KSI 
48.1  KSI 
38.0  KSI 


7075-T6511  Extruded  Plate 
0.250  Inch 
20  Inches 
80  KSI  (Typical). 

31.75  KSIOn)1/2 


NDT  Technique 

X-Ray 

Penetrant 

Ultrasonics 


Minimum  Flaw 
Size  Detectable 

0.40  Inch 
0.20  Inch 
0.15  Inch 


Predicted  Failure  Stress* 

32.5  KSI 
40.7  KSI 
43.9  KSI 


*For  preliminary  design,  the  estimated  gross  stress  at  failure  may  be  considered  equal  to  the 
ultimate  strength  of  the  material  for  these  conditions. 

Example  III  -  Specimen  Containing  1 -Inch-Diameter  Bored  Hole  and  Crack 

The  flaw  is  assumed  to  be  located  close  to  the  edge  of  the  hole  and  oriented  in  the  plane  of 
the  specimen  containing  the  minimum  cross-sectional  area  with  respect  to  the  direction  of 
loading.  This  location  is  the  most  critical  in  terms  of  the  stress  field  surrounding  the  flaw. 
A  solution  for  the  stress  analysis  around  a  hole  in  a  plate  subjected  to  an  axial  load  is  given 
in  Section  V,  Part  4. 


Specimen  Data: 

Material 
Thickness 
Width 
Yield  Stress 
K, 


7075-T651 1  Extruded  Plate 
0.500  Inch 
20  Inches 
80  KSI  (Typical) 

31.75  KSl(in)  V2 

2.26 


Hole: 


Centrally  located 
Radius  (ml  0.5  Inch 


nitmwiran  , 


Results: 


NDT  Technique  Flaw  Size,  2c  Flow  Location 


Predicted  Failure  Stress 


Ultrasonics 

Penetrant 

X-Ray 


0.242  Inch  0.17  Inch  From  Hole 

0.158  Inch  0.24  Inch  From  Hole 

0.400inch*  0.23  (estimated) 


40.7  KSI 
59  3  KSI 
25.0  KSI 


*No  flaw  detected.  Minimum  flaw  size  detectable  with  X-ray  is  used. 


Case  B:  Fatigue  Loading 

An  elementary  approach  is  used  to  illustrate  the  general  form  in  which  fracture  mechanics- 
NDT  concepts  can  be  utilized  in  fatigue  analysis.  In  this  type  of  analysis,  the  objective 
is  to  obtain  an  estimate  of  the  crack  growth  during  fatigue-cycling.  The  initial  crack  size 
is  taken  to  be  compatible  with  the  maximum  size  of  a  crack  that  would  not  be  detected 
during  the  initial  inspection.  If  this  crack  did  exist,  if  could  grow  during  the  fatigue 
loading.  Thus,  the  analysis  assumes  that  rhe  crack  was  not  detected  and  calculates  the 
final  size  of  the  crack  after  the  fatigue  loading.  If  this  final  size  is  such  that  it  will  not 
grow  catastrophically  upon  reloading,  the  design  is  considered  safe. 

The  introduction  of  alternating  stresses  introduces  several  complications  into  the  analysis. 
First,  it  is  assumed  that  the  crack  grows  only  during  the  tension  portion  of  the  loading. 
Second,  it  is  assumed  tha-  the  fatigue  crack  grows  with  a  growth  rate,  da/dN,  propor¬ 
tional  to  the  applied  stress  intensity,  K..  A  curve  such  as  shov/n  in  Figure  156  is  used. 
This  plots  the  rate  of  crack  growth,  da/dN,  in  microinches  per  cycle  against  the  applied 
stress  intensity.  In  figure  156,  for  example,  if  ihe  maximum  applied  stress,°applied,  and 
crack  geometry  were  such  that: 

Example  IV:  Simple  Fatigue  Loading 

^applied  =  22.5  KSI  (maximum  alternating  stress) 
a  =0.15  inch 
Q  =  2.20 
N  =  10,000  cycles 

The  Kj  would  be  given  by 

K.  =  l.l>/T(22.5y^^=  11.5  KSI  (in)1/2 

For  this  applied  stress  intensity,  the  crack  growth  rate  would  be  about  .20  microinches 
per  cycle.  Thus,  with  lOOOOcycles  of  fatigue  applied,  the  crack  would  grow  .20  micro- 
inch/cycle(l0000  cycles)  =0.0020  inch.  For  this  example,  a  part  through  cracx  was 
used.  If  the  crack  were  completely  through  the  thickness,  a  different  equation  would  be 
used  for  computation  of  the  Kj. 

This  anclysis  may  be  extended  to  calculate  the  final  crack  size  after  a  series  of  fatigue 
load:  was  applied.  In  this  example,  the  crack  would  grow  (or  not  grow  if  K|  were  too 

low)  to  an  intermediate  size  a..  This  new  a.  would  then  be  used  with  the  second  stress  to 


a/Q) 


FUNCTION  OF  APPLIED  STRESS  INTENSITY  FACTOR 


calculate  a  new  Kp  the  crack  growth  rate  for  this  new  K|  is  calculated  and  the  new 
crack  growth  obtained  by  multiplying  the  dq/dN  by  the  number  of  cycles.  Thus 

Example  V:  Fatigue  Loading  (Complex  Spectrum) 

Maximum,  Applied  Stress  N 

27,000  psi  6,000,000 

45,000  psi  100,000 

18,000  psi  10,000,000 

30,000  psi  .  33,000 

Initial  flaw  size  a  =  0,030  inch 
Q  =  2.26 


A  table  is  set  up  as  follows: 

Crack  depth,  ^max' 

inch  K  SI 

=  final  crack  size 

K|  l/0  da/dN,. 

KSI(in)'^  Minch/cycle 

N 

cycles 

Crack  depth, 
inch 

0.030 

27,000 

6.06 

.002 

6xl06 

0.042 

0.042 

45,000 

11.98 

.330 

1x10  5 

0.075 

0.075 

18,000 

6.39 

.01 

1  x  I07‘ 

0.175 

0.175 

30,000 

16.26 

1.35 

2  x  I04 

0.220  =  a 

Each  calculation  is  made  assuming  that  the  value  of  Q  remains  the  same.  The  final 
crack  depth  is  0.220  inch,  if  the  material  were  now  subjected  to  tensile  loading,  it 
would  fail  at 

K, 


Tf  "  yJ~L2  Of  /Q  '  i<SI 


If  this  stress  ishigherthan  the  maximum  applied  tensile  load,  the  part  is  considered  safe. 

It  should  be  realized  that,  in  this  and  subsequent  analyses,  the  value  of  Q  is  assumed  to 
be  constant.  This  implies  that  the  crack  depth  growth  is  proportional  to  the  crack  length 
growth.  If  it  were  not,  the  variation  in  Q  would  have  to  be  considered  in  calculating 
the  K|. 

In  fatigue  loading,  the  type  of  cyclic  stressing  is  often  expressed  in  terms  of  "R.  "  This  is 
defined  as  the  ratio  of  the  minimum  stress  to  maximum  stress  or: 

gmean  -  galt 
^  ~  ^mean  +  47  alt 

An  R  of  zero  is  loading  from  zero  stress  to  some  maximum  stress;  an  R  of  -1  is  tensile- 
compressive  stressing.  As  mentioned  previously,  it  is  assumed  that  the  maximum  stress, 
and  hence  the  maximum  value  of  K.,  determines  the  fatigue-crack  growth.  However,  it 
is  possible  that  the  K|  should  incorporate  the  value  of  R.  Hence,  it  is  suggested  that,  for 
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fatigue  with  varying  R  values,  the  K|  be  assumed  as: 

K|R  =  <’max0-R)1/2(1.2»a/Q)’/2  ,  (M)*0 

This  is  for  a  part-through  crack.  For  other  crack  geometries,  the  K,  would  be  multiplied 

l/2  . 

by  the  o^^Cl-R)  '  term.  Hence,  if  the  fatigue  loading  included  different  values  of  R, 
the  analysis  would  be  as  follows: 


Example  VI:  Fatigue  Loading,  Varying  R  Value 


amean 

R 

N_ 

72,250 

0.82 

500,000 

43,750 

0.75 

3,000,000 

42,220 

0.82 

600,000 

54,290 

0.75 

50,000 

a.  =  0.30 
Q  =  2.26 

In  a  manner  similar  to  Example  V,  a  table  is  set  up.  Now  the  calculation  of  K.  includes 
R,  and  hence  is  tabulated  as  K|^. 


k  Depth 

°  Max 

kir 

da/dN 

N 

Crack  Depth, a 
inch 

0.030 

80,000 

7.64 

0.045 

5xl05 

0.053 

0.053 

45,000 

6.70 

0.020 

3x1 06 

0.113 

0.113 

50,000 

9.28 

0.110 

6x1 05 

0.178 

0.178 

60,000 

16.40 

1.10 

5x1 04 

0.233  =af 

The  final  crack  depth  is  0.233  inch.  As  before,  the  remaining  residual  tensile  stress  is 
given  by: 

K, 

a  =  c 
f  y]  1.2ffa'/Q 

In  many  aircraft  situations,  there  is  no  way  of  Knowing  how  many  cycles  of  stress  may  be 
applied  at  any  one  time.  It  is  known  that  the  part  will  be  subjected  to  several  stages  of 
fatigue,  but  the  number  of  cycles  at  each  particular  stress  level  are  unknown.  The  total 
number  of  cycles  at  each  stress  level  is  known.  This  would  require  a  random  application 
of  the  fatigue  stresses  for  a  random  number  of  cycles  at  each  stage.  This  is  called  "random 
fatigue  spectrum  loading. "  This  problem  may  also  be  solved  as  follows: 


u,  HS9SW4* 


Stage 

a  mean 

_R_ 

N(total)  cycles 

1 

27,500  psi 

0.968 

4,000,000 

2 

27,800  psi 

0.943 

1,800,000 

3 

28,100  psi 

0.927 

680,000 

4 

28,300 

0.903 

300,000 

initial  crack  depth  a  =0.030  inch 
Q  value  =  2.26 


Using  a  table  of  random  numbers  a  series  of  numbers  were  chosen  and  used  in  sets  of  three. 
The  first  number  refers  to  the  stage  of  loading,  the  second  pair  to  the  percent  of  the  total 
N  that  is  used  during  the  fatigue.  For  example,  if  the  following  numbers  were  used: 

135  442  415  363  793  227  152, 

the  first  number  states  that  a  mean  stress  of  27,500  psi  and  an  R  of  0.968  were  used  for  35% 
of  4,000,000  cycles.  This  would  then  be  the  first  entry  for  crack  depth.  The  Kj^  is  calcu¬ 
lated  and  the  growth  of  the  crack  computed  and  added  to  the  initial  crack  depth.  The 
fourth  numbered  set  would  be  used,  i.e.  28,300  psi,  R  =0.903  for  42%  of  300,000  cycles. 
This  procedure  would  be  continued.  A  number  that  indicates  a  stage  not  in  the  sequence 
would  be  discarded.  (Here  793  is  discarded).  When  the  stage  is  repeated,  i.e.  152,  the 
stress  for  stage  1  would  be  used,  but  52%  of  the  remaining  number  of  cycles  would  be  used 
in  computing  the  fatigue  cycles  at  this  level.  Hence,  the  second  time  stage  1  was  reached, 
the  calculation  of  crack  growth  would  be  based  on  52%  of  (4,000,000-  42%  of  4,000,000) 
cycles  or  52%  of  2,320,000  cycles.  This  is  repeated  for  about  20  steps.  At  this  time,  the 
remaining  fatigue  lives  are  used  one  after  the  other.  Since  the  first  20  steps  used  a  random 
number  of  cycles,  the  last  step  would  also  use  a  random  number  of  remaining  cycles. 

To  do  this  calculation  bv  hand  would  obviously  be  tedious,  especially  with  a  large  number 
of  fatigue  stages.  For  this  example,  a  computer  program  was  set  up.  For  a  run  of  20  stages, 
the  final  crack  depth  was  about  0.20  inch.  This  v/as  repeated  20  times  with  20  different 
sets  of  random  numbers.  The  values  of  final  crack  depth  are  given  below. 


0.150 

0.210 

0.201 

0.231 

0.214 

0.197 

0.188 

0.215 

0.193 

0.189 

0.213 

0.185 

0.212 

0.205 

0.188 

0.192 

0.196 

0.219 

0.177 

0.202 

AvgrO.  1996 

Standard  deviation-0. 1762 

Upper  bound  95%  confidence  limit  -  0.206  inch 

Using  the  average  plus  the  3.4  standard  deviation  gave  the  value  of  final  crack  size  that 
would  be  equivalent  to  the  95%  upper  bound  confidence  limit.  This  is  the  crack  size  that 
95%  of  the  material  would  not  be  expected  to  exceed.  This  implies  that  if  the  process  were 
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repeated  for  100  random  loading  sequences,  95  of  the  numbers  for  final  crack  depth  would 
be  below  this  number. 


The  static  strength  remaining  after  this  random  loading  would  then  be  given  by 


a 

f 


K 


Ic 


Ju2^°f 


/Q 


(47) 


If  the  K|c  is  given  with  a  95%  confidence  factor,  the  confidence  in  this  calculation  would 
k®  *95  x  .95  or  90/4.  This  would  be  equivalent  to  a  11 B11  confidence  value  for  ®  ty. 


Case  C*  Sustained  Loading  in  Environment 

It  is  well  known  that  high-strength  materials  may  fail  in  a  brittle  manner  when  subjected  to 
sustained  loading  in  the  presence  of  external  environments.  To  use  the  fracture  mechanics- 
nondestructive  testing  design  methodology  for  this  type  of  an  application,  a  curve  such  as 
that  shown  in  Figure  157  must  be  determined  experimentally.  In  this  case,  the  flaw  growth 
per  unit  of  time  is  plotted  against  the  applied  stress  intensity  K..  in  a  particular  environ* 

ment.  The  K..  is  determined  by  calculation  using  the  initial  flaw  sizes  and  sustained  applied 

stress.  Thus,  for  a  part  through  crack  with  the  following  geometry  and  stress: 

Example  VIII  -  Sustained  Loading  in  Salt  Water  Environment 


Nil 


^applied 

a  =  0.15  inch 
Q  =  2.20  inch 

1  /2 

The  K..  is  10  KSI  (in)  /  ,  and  the  flaw  growth  rate  is  70  microinches/minute.  Using  a 


-j-  -  v«v  /  muyv  yiuwm  rure  15  /u  microincnes/minute .  Using  a 

value  of  K|c  of  30  KSI  (in)  ,  and  the  part  through  crack  analysis,  the  part  would  fail 

l  .  i  i  .  . 


when  the  crack  grows  to  a  depth  of 


a  = 


1.2  X 


(48) 


a  -  1 .04  inches. 


20  hounf  °f  70  microinches  P®r  minute'  this  would  take  about  1270  minutes  or  a  little  over 


If  the  K..  were  less  than  5  KSI  (in) ]^2,  the  material  would  last  indefinitely.  This  is  com 
monly  referred  to  as  the  K  value. 

I  see 
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IEMATIC  SHOWING  THE  CRACK  GROWTH  RATE  AS  A  FUNCTION  OF  APPLIED 
;S  INTENSITY  FACTOR  K**  FOR  SALT  WATER  ENVIRONMENT. 


Aircraft  Components 

Test  data  from  the  following  C-5A  components  were  used  in  the  full-scale  test  section  of 
this  program. 


Center  Wing  Shear  Panel  (105A) 
Center  Wing  Shear  Panel  (107A) 
Center  Wing  Failsafe  Panel 
Latch  Assembly  (Small) 

Latch  Assembly  (Medium) 

Latch  Assembly  (Large) 


7075-T6511  Aluminum 
7075-T651 1  Aluminum 
7075-T6511  Aluminum 
4330V  Modified  Steel 
4330V  Modified  Steel 
4330V  Modified  Steel 


The  center  wing  shear  panels  (105A  and  107A)  were  the  first  components  to  be  inspected 
and  tested.  Typical  cross-section  dimensions  are  listed  below: 


Panel  105A 

Panel 107A 

Pitch 

5.500" 

5.500" 

Flange  Width 

2.520" 

2.520" 

Skin  Thickness 

0.276" 

0.224" 

Riser  Thickness 

0.214" 

0.156" 

Flange  Thickness 

0.266" 

0.199" 

Riser  Height* 

3.938" 

4.017" 

Panel  Width 

30.00" 

30.00" 

*Riser  Height  is  measured  from  upper  skin  surface  to  lower 
flange  surface. 

Penetrant  inspection  was  carried  out  using  Zyglo  penetrant.  Ultrasonic  inspection  was  per¬ 
formed  using  a  Reflectoscope  model  UM  715  with  a  5  mHz  contact  transducer.  The  instru¬ 
ment  was  calibrated  to  detect  a  l/64-inch  flat-bottom  hole  at  full-scale  deflection. 
Neither  method  revealed  a  defect.  X-ray  inspection  was  performed  by  production  inspec¬ 
tors.  No  flaw  was  detected. 


The  test  setup  that  was  used  for  testing  the  C-5A  wing  panels  is  shown  in  Figure  158.  The 
panels  were  tested  in  a  1200-KIP  Baldwin  Universal  Testing  Machine. 

The  -105A  and  -107A  shear  panels  were  correlated  using  the  load-strain  data  and  the 
following  F.amberg-Osgood  properties  obtained  from  furnished  coupon  data;  For  reference 
These  values  are  as  follows: 

-105A  Panel  - 1 07A  Pane  I 

*5  7  65, 185  psi  63, 1 79  psi 

n  15.0  15.0 

The  unit  strains  in  the  test  panels  at  failure  were  estimated  from  the  load  strain  data  to  be 
.02  for  the  -105A  panel  and  .03  for  the  -107A  panel.  Using  these  unit  strains  to  determine 
the  equivalent  shear  stress  associated  with  them,  the  loads  in  the  panels  at  failure  were 
determined  to  be  13,168  Ibs/in  for  the  -105A  panel  and  10,804  Ibs/in  for  the  -107A  panel. 
The  predicted  allowable  loads  were  determined  to  be  10,633  Ibs/in  for  the  -105A  panel  and 
9,026  Ibs/in  for  the  -107A  panel. 

The  test  loads  are  2,535  Ibs/in  higher  for  the  -105A  panel  and  1,778  Ibs/in  higher  for  the 
-107A  panel  than  the  predicted  allowable  loads.  These  differences  were  due  to  the  large 
strains  in  the  test  panels.  The  predicted  mode  of  failure  is  general  yielding,  which  limits 
the  stress  to  (the  stress  at  which  the  tangent  modulus  is  1/10  the  elastic  modulus) . 
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The  ultimate  loads  carried  by  the  test  assemblies  were  17,889  Ibs/in  for  the  -105A  panel 
and  14,207  Ibs/in  for  the  -107A  panel.  These  loads  are  4,721  Ibs/in  higher  for  the  -105A 
panel  and  3,374  Ibs/in  higher  for  the  -107A  panel.  Sepurate  calculations  indicated  that 
the  additional  load  was  carried  by  the  test  frames. 

The  capacity  of  the  test  machine  was  reached  prior  to  the  catastrophic  failure  of  panel 
-105A.  The  strain  data  indicated  that  the  skin  of  the  panel  yielded  at  shear  loads  of  ap¬ 
proximately  9.0  KIP  per  inch. 

Figures  159  and  160  show  the  inner  surfaces  of  the  failed  -107A  center  wing  panel.  The 
panel  failed  due  to  tension  failure  of  the  skin  and  the  risers  and  shear  buckling  of  the  skin. 
The  risers  underwent  lateral  buckling  of  the  flanges.  The  bases  of  the  risers  failed  in  tension. 


The  shear  panel  is  approximated  by  a  center-cracked  plate.  The  following  maximum  un¬ 
detectable  surface  crack  in  each  of  the  NDT  methods  is  used: 


Penetrant 

2c 

0. 10  inch 

X-ray 

2c 

0.30  inch 

Ultrasonics 

2c 

0. 05  inch 

The  value  for  K|c  used  is  30  KSI  (in) 

The  failure  load  is  calculated  assuming  that  the  failure  starts  in  the  thin  section.  However, 
some  load,  P1,  is  taken  up  by  the  risers.  The  relative  magnitudes  of  the  total  applied  load, 
P,  is  assumed  to  be  distributed  proportional  to  the  area  of  the  skin  and  the  risers. 

Hence,  for  panel  I05A  each  riser  has  an  area  of  1.456  in  .  The  skin  has  an  area  of 
8.28  inz.  There  are  five  risers,  hence,  the  total  riser  area  is  7.37  in2. 


^riser+^skin  ^  total 

P  .  P  ,  . 
riser,  skin 

A  riser  Askin 

A  . 

P  +p  r|ser  =p 

skin  "skin  A^^  total 


A  . 

p  i  +  — El§er  =p 
skin  Askin  t0tal 


(for  X-ray) 


P2  =  (30)2  (30)2  (.2 76)2 

sk'n  *r  0.15 

P  skin  =  360,000  lbs.  (forX-»-jy) 

P2  .  QjljOjjjW  (forultra!onics) 

SK,n  *0.025 

P  s|<jn  "  880,000  lbs.  (for  ultrasonics) 

Using  Equation  49,  the  predicted  failure  loads  are  then 

P.otal  (pene,ran,>  *  622, 000  [  |  +~~]  ' 

Ptota|(^“ray)  =  680,000  pounds 
F^otal  (ultrasonics)  =  1,660,000  pounds 


1, 170,000  pounds 


These  should  be  compared  to  the  actual  failure  loads. 


Predicted  Load,  lbs. 
Penetrant  1,170,000 

X-ray  680,000 

Ultrasonics  1,660,000 

The  percent  errors  are: 

Penetrant  10% 

X-ray  35% 

Ultrasonics  59% 


Actual  Load,  lbs. 
1,053,  000 
1,053,  000 
1,053,  000 


The  most  accurate  prediction  was  made  usin.q  the  penetrant  system  which  was  10  percent  too 
high 


Figure  161  shows  the  medium-sized  4330V  Modified  steel  cargo  latch  hook  prior  to  testing. 

The  hook-latch  assembly  (large)  made  from  4330V  Modified  steel  was  inspected  using  three 
methods.  The  magnetic-particle  inspection  was  carried  out  using  the  coil  shown  in  Figure 

162.  The  part  was  inspected  with  Hie  long  axis  normal  to  the  coil  axis,  it  was  demagnetized 
and  it  was  then  inspected  with  the  short  axis  normal  to  the  coil  axis.  The  ultrasonic  methods 
were  calibrated  to  detect  an  internal  flaw  equivalent  to  a  1/64-inch  flat  bottom  hole.  A  5 
mHz  transducer  was  used  in  conjunction  with  the  Reflectoscope  model  UM  715  shown  in  Figure 

163.  X-ray  inspection  was  performed  by  production  inspection.  None  of  the  inspections 
revealed  any  abnormalities  or  flaws. 

Hook-latch  assemblies  (medium  and  small)  were  inspected  using  magnetic-particle,  ultra¬ 
sonic,  and  penetrant  (Zyglo)  methods.  The  inspection  procedures  were  the  same  as  for  the 
large  hook.  The  inspections  revealed  no  defects  in  either  of  the  parts. 

It  was  calculated  that  the  medium-size  hook  would  fail  at  section  B-B  and  that  the  small  and 
large  hooks  would  fail  at  section  A-A  (Figure  151).  The  calculated  ultimate  loads  are  given 
below: 
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FIGURE  162  ^^^^•g^^CT^EQWPMENT  USED  TO  INSPECT 
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FIGURE  163  PORTABLE  PULSE  REFLECTION  ULTRASONIC  INSPECTION  UNIT 
USED  TO  INSPECT  4330V  MODIFIED  CARGO  LATCH  HOOKS 
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Small  Hook  31,400  pounds 

Medium  Hook  56, 700  pounds 

Large  Hook  69, 1 00  pounds 

All  three  hooks  were  tested  to  failure.  The  results  were  as  follows: 

Small  Hook  Failed  at  A- A  33,  100  pounds 

Medium  Hook  Failed  at  B-B  57,  100  pounds 

Large  Hook  Failed  at  B-B  79,800  pounds 

Figure  164  shows  the  small  4330V  Modified  hook  after  failure.  This  hook  failed  in  the  A-A 
section,  exhibiting  necking  of  the  areas  surrounding  the  fracture.  There  was  considerable 
distortion  in  the  hook  when  examined.  Figure  165  shows  the  appearance  of  the  fracture  sur¬ 
faces  of  the  small  hook.  The  fracture  surface  is  about  50  percent  flat  in  the  thick  and  the 
thin  section.  There  is  considerable  doubt  as  to  where  the  crack  initiated,  but  two  possible 
sites  appear  likely.  The  first  is  at  a  point  about  1/16  inch  frcr  the  surface,  while  the  se¬ 
cond  appears  to  be  a  small  inclusion  located  approximately  in  the  center  of  the  thick  sec¬ 
tion.  It  is  possible  that  both  areas  produced  some  crock  growth  prior  to  final  failure. 

Figure  166  is  a  photograph  of  the  medium  hook  after  failure.  The  failure  initiated  in  the 
tensile  section  of  the  hook  at  a  point  about  1/16  inch  from  the  surface.  Figure  167  shows 
the  fracture  surface.  The  failure  is  essentially  70  percent  flat  fracture  in  the  thick  section 
end  90  percent  flat  fracture  in  the  thin  section.  The  crack  started  in  one  corner  and  pro¬ 
pagated  rapidly  across  the  thick  section.  There  was  enough  plastic  deformation  in  the  thin 
section  to  distort  the  lower  connecting  hole  as  shown  in  Figure  167. 

Figure  168  shows  the  large  4330V  Modified  hook  after  failure.  The  fracture  occured  across 
the  B-B  section,  with  some  distortion  of  the  lower  connecting  hole.  The  fracture  was  about 
90  percent  flat  for  the  thin  section  and  about  80  percent  flat  for  the  thick  section.  Figure 
169  shows  the  fracture  surfaces  of  the  large  hook.  Failure  appears  to  have  been  caused  by 
a  crack  that  initiated  at  a  point  1/16  inch  from  the  inner  surface  and  progressed  rapidly  in 
all  directions. 

Figures  170  and  171  show  elecfron  fractographs  taken  from  replicas  of  the  fracture  surface  of 
the  medium-size  hook.  The  replicas  were  taken  from  areas  in  the  neighborhood  of  the  crack 
initiation  site.  The  fracture  surface  exhibited  mostly  dimple  rupture  with  some  evidence  of 
cleavage. 

A  simple  analysis  will  be  used  for  each  of  the  hooks.  It  is  assumed  that  a  small  surface  crack 
exists  at  the  critical  sections  AA  and  BB.  If  the  size  of  the  crack  is  assumed  as  follows: 

2c  =  0.200  inch  long 

a  =  0.020  inch  deep 

Q  =  0.88  (  of  =  a  )' 


This  crack  would  not  have  been  detected  by  the  X-ray  inspection  or  with  any  high  degree 
of  accuracy  by  any  of  the  other  inspection  techniques.  A  crack  length  greater  than  0.20 
inch  may  have  been  used  but  would  have  been  detected.  Hence,  the  failure  load  is  given 
by: 

_  A  Klc 


r 


p 


a 


(51) 


FIGURE  165  FRACTURE  SURFACES  OF  FAILED  4330V  MODIFIED  STEEL  CARGO 
LATCH  HOOK  (SMALL  SIZE) 


FIGURE  167  FRACTURE  SURFACES  OF 
LATCH  HOOK  (MEDIUM 


FIGURE  168  4330V  MODIFIED  STEEL  CARGO  LATCH  HOOK  AFTER  TEST  (LARGE  SIZE) 


FIGURE  169  FRACTURE  SURFACES  OF  FAILED  4330V  MODIFIED  STEEL  CARGO 
LATCH  HOOK  (LARGE  SIZE) 


FIGURE  170  ELECTRON  FRACTOGRAPH  SHOWING  DIMPLE  RUPTURE  4330V 
MODIFIED  STEEL  CARGO  LATCH  HOOK  (MEDIUM  SIZE)  6000X 


FIGURE  171  ELECTRON  FRACTOGRAPH  SHOWING  CLEAVAGE  4330V  MODIFIED 
STEEL  CARGO  LATCH  HOOK  (MEDIUM  SIZE)  6000X 
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where  A  is  the  relative  area  of  each  hook  determined  by  assuming 


p 

actual  load 

-  or  - 


220, 000  PSI 

a 

tu 

Hence,  for  each  hook  we  find: 

Small  hook 

A  =  0.150  in2 

Medium  hook 

A  =  0.259  in2 

Large  hook 

A  =  0.363  in2 

1/2 

We  further  assume  a  value  of  K|c  =  49  KSI  (in)  '  . 
are  as  follows: 

Small  hook: 


(52) 


Hence,  the  predicted  failure  loads 


P  -  (49)  (-150) 

1.2 

0.88 


26,000  pounds 


Medium  hook; 

P  =  43, 400  pounds 


Large  hook: 

P  =  60, 700  pounds 


Comparing  these  predicted  failure  loads  with  the  actual  failure  loads,  the  percent  errors 
are  as  follows: 


Small  hook:  21% 

Medium  hook:  7% 

Large  hook:  24% 

Each  of  these  is  less  than  the  actual  failure  load. 

used,  the  failure  loads  would  be: 

Small  hook:  31 , 200  pounds 

Medium  hook:  54,000  pounds 

Large  hook:  75,500  pounds 


If  a  value  of  Kjc 


=  61  KSI  (in) 


1/2 


were 


Thus,  it  may  be  assumed  that  each  hook  was  made  of  material  whose  Kjc  value  did  not  agree 
with  the  estimated  lower  bound  for  the  K|c. 

Since  all  of  the  hooks  failed  with  some  prior  yielding,  it  appears  that  the  FM  approach  will 
not  apply  to  this  case. 


The  Center  Wing  Failsafe  Panel  was  a  tension  panel  made  from  integrally  stiffened  7075-T6511 
Aluminum.  The  panel  contained  a  center  crock,  2c  =  22.5  inches.  The  panel  thickness 
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was  0.226  inch  and  the  width  was  67  inches.  Testing  was  accomplished  using  the  1, 200, 000- 
pound-capacity  Baldwin  universal  testing  machine.  Load  was  applied  at  a  slow,  even  rate 
until  failure  occurred  a*  776, 000  pounds.  Pop-in  occurred  at  651, 000  pounds. 

A  fracture  mechanics  estimate  of  the  failure  load  is  determined  by  considering  a  center-notched 
and  fatigue-precracked  specimen.  For  the  analysis,  it  is  assumed  that  no  load  is  taken  by  the 
risers,  since  the  panel  is  loaded  directly  across  the  skin. 

Hence,  we  use 


W  B 


where 

W  =67  inches 
B  =  0.226  inch 

c  =  11.25  inch 


We  assume  Kjc  =  30KSI(in)^.  Therefore,  P  =  700, 000  pounds. 


Comparing  the  actual  failure  load  to  the  predicted  load,  we  see  that  an  error  of  only  eleven 
percent  was  made.  This  is  considered  excellent  agreement. 
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SECTION  VII 


SUMMARY 


Discussion 


The  use  of  the  concepts  of  linear  elastic  fracture  mechanics-nondestructive  testing  in 
ihe  development  of  an  aerospace  design  criterion  has  been  shown  to  be  of  merit.  How¬ 
ever,  it  is  not  yet  possible  to  replace  the  present  methodology  of  design  by  a  Fracture 
Mechanics/Non-Destructive  Testing  design  methodology.  There  are  several  reasons  for 
this:  (I)  most  of  the  materials  now  used  in  aircraft  design  are  of  sufficient  ductility  to 
render  the  fracture  mechanics  analysis  invalid  or  inaccurate;  (2)  there  is  only  limited 
use  of  thick  sections  in  aircraft  structures,  and  hence,  the  plane  strain  stress  intensity 
factor  has  only  limited  usefulness;  (3)  the  limitalions  of  the  present  NDT  techniques  in 
accurately  determining  flaw  geometry  lower  the  overall  reliability  of  the  design  analysis; 
and  (4)  the  analyses  relating  the  flaw  geometry,  applied  stress,  and  stress  intensity  fac¬ 
tor,  Kjc,  are  limited  to  relatively  simple  specimen  configurations. 

This  does  not  mean  to  imply  that  an  FM/NDT  design  criterion  cannot  find  widespread 
applicability  in  aerospace  design.  On  the  contrary,  the  results  presented  in  this  report 
very  encouragingly  show  that  an  FM/NDT  design  criterion  can,  in  many  instances, 
predict  the  failure  load  of  a  simple  structure  more  accurately  than  does  the  present 
methodology.  The  concepts  of  FM/NDT  could  be  used  in  a  wide  range  of  present  appli¬ 
cations  such  as  fatigue,  environmental  failure,  random  fatigue  loading  and  establishing 
the  time  between  inspections,  and  the  analysis  of  flaws  found  during  inspection. 

It  is  within  the  scope  of  this  report  to  mention  only  briefly  the  methods  by  which  these 
problems  may  be  attacked  by  fracture  mechanics.  These  problems  do  not  lend  themselves 
to  simple  solutions  even  with  the  present  design  methods,  and  they  must  be  approached 
on  an  individual  basis. 

Many  areas  of  development  are  required  prior  to  the  fruitful  use  of  an  FM/NDT  design 
criterion  for  aerospace  structures.  Due  to  the  requirements  of  DOD,  plane-strain  frac¬ 
ture  analysis  has  been  accelerated  and  proven  successful  in  the  missile  technology  fields. 
In  the  design  of  aircraft,  handbook  values  of  tensile  ultimate  stress  and  tensile  yield 
stress  would  still  be  required  in  a  fracture  mechanics  design. 

It  is  to  the  next  generation  of  aircraft  and  aerospace  vehicles  that  this  design  procedure 
is  projected.  It  is  toward  materials  that  are  extremely  light  in  weight  and  high  in 
strength,  with  little  ductility,  that  fracture  mechanics  and  nondestructive  testing  can 
prove  more  accurate  in  predicting  the  true  failure  loads.  The  present  trends  in  design  are 
to  use  materials  to  the  limit  of  their  capabilities.  Fracture  mechanics  can  determine  when 
these  capabilities  have  been  reached. 

A  primary  factor  advocating  the  need  for  FM/NDT  design  is  the  rising  costs  of  materials. 
When  a  part  was  simple  to  make,  and  the  material  relatively  inexpensive,  a  small  flaw 
would  result  in  the  scrapping  of  the  part.  However,  with  rising  material  costs  and  the 
use  of  more  exotic  materials  and  materials  that  are  difficult  to  fabricate,  it  becomes  a 
difficult  decision  to  throw  out  a  complex  part  because  it  contains  a  small  flaw.  If  it  can 
be  shown  that  the  flaw  will  not  grow  sufficiently  to  cause  failure,  there  is  no  reason  to 
discard  the  part.  This  would  save  a  great  deal  of  money  in  repair  and  maintenance 
and  operating  costs. 
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This  places  the  material  producers  in  a  difficult  position.  The  material  they  produce 
must  be  of  sufficiently  high  quality  to  pass  increasingly  more  difficult  acceptance  stan¬ 
dards.  That  the  material  producer  has  risen  to  the  challenge  is  evidenced  in  the  results 
of  the  literature  survey  conducted  on  the  K|c  values  for  7075  Aluminum.  The  values  that 

they  have  published  are  accurate  estimates  of  the  capabilities  of  their  materials  and  do 
not  show  very  large  deviations.  Perhaps  the  material  producers  are  anticipating  the  even¬ 
tual  incorporation  of  fracture  mechanics  into  specifications  and  are  establishing  a  firm 
background  in  this  area. 

It  is  unfortunate  that  the  scatter  in  K|c  values  is  larger  than  the  scatter  in  and  o t  . 
This  makes  it  difficult  to  design  using  a  statistical  value  of  K|c  that  99%  of  the  material 

would  be  expected  to  exceed.  This  difficulty  can  possibly  be  overcome  by  standardizing 
on  one  type  of  Kjc  specimen  and  developing  a  large  backlog  of  test  data.  Which  particu¬ 
lar  specimen  design  or  how  to  conduct  the  tests  are  matters  open  for  discussion. 

The  inherent  inaccuracies  in  NDT  are  not  as  formidable  as  they  appear  to  be.  In  many 
cases,  the  NDT  reliability  index  is  only  slightly  below  the  values  that  would  be  needed 
to  use  them  for  reliable  design.  However,  NDT  needs  to  be  improved,  particularly  in 
detecting  and  measuring  small  flaws.  This  present  program  has  been  limited  to  surface 
fatigue  cracks.  Other  defect  types  should  also  be  investigated.  The  accuracies  of 
present  NDT  methods  are  extremely  high  in  locating  the  flaw,  but  sensitivity  and  the 
accuracy  of  flaw-size  measurement  can  be  improved  significantly.  The  most  promising  of 
the  NDT  methods  appears  to  be  ultrasonics,  but  penetrant  and  magnetic-particle  methods 
as  well  as  other  electronic  techniques  should  not  be  overlooked.  These  NDT  techniques 
should  move  rapidly  into  the  production  lines,  since  little  difference  was  found  between 
the  present  laboratory  NDT  and  production  NDT  sensitivities. 

The  theoretical  difficulties  in  developing  solutions  for  the  K|c  of  complex  shapes  can  be 
overcome  by  combining  fracture  mechanics  with  the  theory  of  stress  concentration  factors. 

It  has  been  demonstrated  here  that  combining  the  K|c  and  the  stress  distribution  in  the 

vicinity  of  a  circular  cutout  yields  a  valid  solution  for  predicting  the  failure  load  of  a 
cylinder  containing  both  a  hole  and  a  crack.  This  solution  is  more  accurate  than  either 
fracture  mechanics  or  stress  concentration  theory  alone.  It  provides  a  strong  bridge 
between  the  present  stress  analysis  and  the  fracture  mechanics  analysis. 

The  test  data  obtained  during  the  program  would  lend  itself  to  many  analyses  in  addition  to 
those  shown  herein.  Therefore,  summaries  of  the  7075-T65II  Aluminum  and  4330V  Modified 
Steel  test  data  are  given  in  Tables  XXIII  and  XXIV,  respectively. 

Conclusions 


o  The  reliability  of  the  NDT  needs  to  be  improved.  No  reliability  index  over  0.90  was 
obtained. 

o  For  7075-T 651 1  Aluminum  cylinders  containing  surface  fatigue  cracks,  the  order  of  pref¬ 
erence  for  the  NDT  would  be: 
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crack  length  less  than  0.20  inch  - 

1.  ultrasonics 

2 .  penetrant 

3 .  X-ray 

crack  length  0.20  to  0.50  inch  - 

1 .  penetrant 

2.  ultrasonics 

3 .  X-ray 

For  4330V  Modified  steel  cylinders  containing  surface  fatigue  cracks,  the  order  of 
preference  for  the  NDT  would  be: 

crack  length  less  than  0.15  inch 

t.  uirrasonics 

2.  .cicg.netic-particle 

3 .  penetrant 

4.  X-ray 

u*ack  length  0.15  to  0.50  inch 

1.  magnetic-particle 

2.  ultrasonics 

3.  penetrant 

4.  X-ray 

All  NOT  methods  obtained  very  high  accuracies  in  location  of  the  crack.  (X-ray 
inspection  was  not  included  due  to  the  low  sensitivity  of  this  technique.)  Low  relia¬ 
bility  indices  are  due  to  two  factors;  namely,  (I)  the  inability  of  the  method  to  measure 
the  true  crack  length  accurately  for  small  cracks  and,  (2)  the  poor  sensitivity  of  the 
methods  in  detecting  cracks  smaller  than  0.20  inch. 

The  X-ray  method  used  here  was  unable  to  detect  small,  tight  surface  fatigue  cracks  in 
aluminum  and  steel  cylinders. 

The  sensitivity  of  the  ultrasonics  method  to  detect  small  cracks  appears  to  be  superior 
to  all  other  methods  examined. 

Magnetic-particle  inspection  is  superior  to  penetrant  inspection  for  the  4330V  Modified 
steel  cylinders. 

Production  inspection  methods  are  as  sensitive  to  cracks  of  length  from  0.20  to  0.50 
inch  as  laboratory  inspection  methods.  Laboratory  methods  appear  to  be  more  sensitive 
for  small  crack  lengths. 

Eddy-current  inspection  is  less  sensitive  than  ultrasonics  for  crack  lengths  smaller  than 
0.20  inch,  but  equal  in  sensitivity  for  cracks  from  0.20  to  0.50  inch. 
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o  The  available  test  information  of  Kjc  for  most  materials  is,  at  best,  marginal  for  use 
in  the  design  of  critical  components  and  the  scatter  in  reported  values  of  K|c  is  too 
large,  even  at  room  temperature,  so  that  the  90%  confidence  values  of  K[c  based  on 
the  standard  deviations  would  be  so  low  as  to  render  the  design  impractical. 

o  The  uncorrected  plane-strain  stress  intensity  factors  obtained  from  t.-sts  conducted  on 
the  7075— T 651 1  Aluminum  cylinders  show  the  KjX  to  vary  as  follows: 


K|x=  |7.0  +  140  c 

a,  Q  constant,  2c <0.275  inch 

K,x  =  40 

a,  Q  constant,  2c  >0.275  inch 

K,x=  17.0+  180  a 

2c,  Q  constant,  a <0.125  inch 

K|XM° 

2c,  Q  constant,  a  >0.125  inch 

K|x“  !7.0+ 

K|x  =  40 

a  <0.625  inch 

TJ 

a  >0.625  inch 

ST 

The  uncorrected  plane-strain/stress  intensity  factors  obtained  from  tests  conducted 
on  the  4330V  Modified  steel  cylinders  heat-treated  to  220-240  KSI  show  the  K.y 
to  vary  as  follows: 

•  K,x  =  64  +  145  c 

a,  Q  constant 

Kjx  =  64  +  220  a 

c,  Q  constant 

K,x  =  64  +  400  Sr 

o  The  fracture  mechanics  failure  load  predictions  using  the  actual  crack  length,  2c, 
and  actual  crack  depth,  a,  are  all  within  ±  10%  for  both  the  aluminum  and  steel 
cylinders.  This  is  in  excellent  agreement  with  the  actual  failure  loads  for  these 
specimens. 

o  The  fracture  mechanics-nondestructive  testing  failure-load  predictions  are  very 
dependent  on  the  choice  of  K|c  or  Kjx*  For  the  values  of  K|X  chosen,  almost  all 
FM/NDT  predictions  agreed  with  the  failure  load  to  within  ±10%.  The  one  exception 
was  FM/ultrasonics  for  the  4330V  Modified  steel  cylinders. 

o  Except  for  the  small  crack  lengths,  the  FM/NDT  failure-load  predictions  for  the 

aluminum  cylinders  were  better  than  those  predictions  using  standard  design  procedures. 

o  The  failure-load  predictions  using  FM/NDT  for  the  4330V  Modified  steel  were  all 
found  to  be  more  accurate  than  standard  design  predictions,  with  the  exception  of 
FM/ultrasonics. 

o  In  some  instances  the  FM/NDT  predictions  are  better  than  the  failure  load  predictions 
made  using  fracture  mechanics  and  actual  crack  sizes.  This  appears  to  occur  due  to 
the  overestimation  of  the  crack  length,  2c,  by  some  of  the  NDT  methods. 

o  A  correction  factor,  when  applied  to  the  K.w  to  account  for  plane  stress  to  plane 
strain  variations  at  the  tip  of  the  crack  whose  depth  is  greater  than  1/2  the  thickness, 
reduced  the  Kjx  obtained  from  deep  cracks  to  K|  . 
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o  The  failure-load  predictions  for  test  cylinders  containing  both  a  l-inch-  diameter 
hole  and  a  small  crack  near  the  hole  are  in  excellent  agreement  with  the  actual 
failure  load.  The  average  error  for  the  7075-T65II  Aluminum  specimens  was  9% 
and  was  5.2%  for  the  4330V  Modified  steel. 

o  A  fracture  mechanics/NDT  analysis  on  the  C-5A  shear  panels,  made  assuming  maximum 
undetectable  flaw  sizes,  yielded  predicted  loads  that  were  in  error  by  10%,  assuming 
penetrant  maximum  flaw  size,  35%  assuming  X-ray  maximum  flaw  size,  and  59% 
assuming  ultrasonic  maximum  flaw  size.  However,  a  fracture  mechanics  analysis 
appears  not  applicable  because  of  the  yielding  encountered. 

o  Analysis  of  the  small,  medium,  and  large  hooks  by  fracture  mechanics  yielded  predicted 
loads  that  were  21%,  7%,  and  24%  in  error,  respectively.  Again  a  maximum 
undetectable  flaw  size  was  chosen,  but  apparently  due  to  prior  yielding  the  fracture 
mechanics  analysis  would  not  be  applicable. 

o  The  center  wing  failsafe  panel  failed  11%  above  the  predicted  failure  load  made  with 
a  fracture  mechanics  analysis.  Here  a  crack  was  present,  fracture  mechanics  does 
apply,  and  the  agreement  is  considered  <.  ood . 

Recommendations 

In  conclusion,  the  following  recommendations  are  offered: 

o  A  research  effort  should  be  directed  toward  determining  the  sensitivity,  accuracy,  and 
reliability  of  all  present  NDT  methods  to  detect,  locate,  and  measure  all  types  of  flaws 
in  common  aerospace  materials.  This  should  be  conducted  as  a  joint  program  with  the 
Department  of  Defense,  universities,  and  aerospace  industry  organizations. 

o  A  standardized  plane-strain  specimen  should  be  used  in  a  "round  robin"  program  to 
determine  both  a  99%  confidence  limit  for  Kjc  and  a  mean  value  of  Kjc  for  common 
aerospace  materials. 

o  A  program  should  be  initiated  to  develop  some  standard  method  for  determining  plane 
stress,  Kc(B),  at  the  particular  thicknesses  used  by  aerospace  companies. 

o  The  present  FM/NDT  design  analysis  should  be  extended  to  fluctuating  loads  and 
environmental  loading  design  applications. 
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